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Surfactant segregation in solid polymer films is a little studied area of scientific research.  This 
investigation launches an initial exploration into the behaviour of surfactant and plasticiser (glycerol) 
molecules in a poly(vinyl alcohol) (PVA) matrix.  By understanding the nature of segregation within these 
systems, information regarding the compatibility of components can be gained.  A greater understanding 
of what dictates compatibility and small molecule segregation in polymers is of importance to many 
industrial products and processes.   
Using a series of ion beam analysis and neutron reflectometry experiments the segregation behaviour 
of three non-ionic, and two ionic surfactants is studied in great detail, both in binary non-plasticised and 
ternary plasticised PVA films.  In order to use these techniques effectively, samples were mostly spin-cast, 
silicon substrate bound polymer films, of thickness <200 nm. 
The non-ionic surfactants studied were a series of poly(oxyethylene glycol) alkyl ethers with a 12-
carbon lipophilic tail-group (C12Ex).  Each of these surfactants exhibited spontaneous segregation to the 
air and/or substrate interface of the polymer film in binary films with PVA.  Upon the introduction of 
plasticiser under ambient conditions, the amount of surface segregating surfactant is reduced, causing a 
greater concentration to be present in the bulk.  However, when studied under relative humidity control 
the opposite effect is realised, and the presence of water in the films causes increased surfactant 
segregation.   
The ionic surfactants studied are cetlytrimethylammonium bromide (CTAB) and sodium dodecyl 
sulphate (SDS).  In binary films with PVA, CTAB shows no segregating nature, until glycerol is introduced, 
at which point substrate and surface segregation is induced.  SDS shows development of significant 
surfactant-plasticiser multi-lamella structures on the surface of the thin films upon the introduction of the 
glycerol.  SDS-glycerol structures like this, with interstitial regions of plasticiser stabilising the surfactant 
lamellae are unlike anything seen on the surface of a solid polymer film before.  Both of these features 
infer a complex array of interactions with the plasticiser. 
Surface energy and compatibility arguments are provided throughout to explain the diverse range of 
surfactant behaviours discovered in this work.  Where surface energy is believed to be the driving force of 
surface segregation, with lower energy components segregating more, and compatibility to be the force 
which dictates how segregation behaves upon the introduction of plasticiser.  Compatibility arguments 
are mostly comprised of the hydrogen bonding potential of the compounds within the films, where strong 
interactions between the polymer, plasticiser and surfactant give rise to increased compatibility, and 
therefore reduced segregation.  Through this work, new, exciting information on the nature of small 
molecules in polymer systems is realised. 
 
Some of this work has been published in Langmuir; 
Briddick, A.; Li, P.; Hughes, A.; Courchay, F.; Martinez, A.; Thompson, R. L. Surfactant and Plasticizer 
Segregation in Thin Poly(vinyl alcohol) Films. Langmuir 2016, 32 (3), 864-872. 
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Plastics, or polymers, are everywhere.  With the number of roles polymers fill in our society having 
increased exponentially over the past half-century.  Advances in polymer science have allowed us to do 
more than ever thought possible with these relatively simple materials.  The prevalence of polymers is 
undeniable, and their practicality has led to the formation of enormous areas of research in to their 
characteristics and properties.  Through these studies we can customise polymers to fit a seemingly 
endless range of applications, from stopping a bullet,1 to carrying groceries.2  Polymer films make up a 
large area of the market, ranging in thickness from sub-micron in applications such as protective 
coatings3 to super-centimetre in products like acrylic glass.4  More recently, their use as an encapsulation 
agent for detergent has been of interest to the industrial partners of this project (Procter and Gamble, 
P&G).  When used in this process, they are termed ‘liquid tablet’ or ‘liquitab’.  Films present in liquitabs 
are usually 50-100 μm thick, and comprised of a series of compounds, primarily a polymer and 
plasticiser, but with some additional (proprietary) additives.  No other material can yet provide the 
strength, flexibility and water solubility required for this role, other than a polymer, namely poly(vinyl 
alcohol) (PVA), however it cannot do this job alone. 
As with many polymers in industry, we have not only learned to customise the properties of the 
polymers themselves, but learnt how additives can further this customisation, one such additive being 
plasticisers.  Plasticisers have warranted extensive research of their own, finding and tuning their ideal 
compatibility to each polymer,5 without them, and the desirable effects they have on polymeric 
properties, many applications could not be performed.  Ever since plasticisers have been introduced 
however, there have been problems.  Leaching, or blooming/migration of plasticisers from the medium in 
which they are dispersed has been an issue for a long time.6  As plasticisers work most effectively when 
they are free to move throughout the polymer, keeping them from being lost to the environment, whilst 
maintaining their desired effects on polymeric properties is a significant problem.  The amount of 
plasticiser added to each polymer for its specific role is precisely determined to provide optimum 
performance for the task the polymer is being designed for.  Hence any change in this ideal, specific 
composition through plasticiser evaporation may affect the polymers performance negatively.   
Whether a change in polymeric properties originates from plasticiser loss, or polymer degradation 
due to environmental factors such as heat, humidity, light, or the chemical environment in which it is 
placed, it is given the term ‘aging’.7  Generally, aging is considered an unwanted effect since maintaining 
product functionality for extensive lengths of time is of significant importance.  Products made with PVA 
are sensitive to increased temperature and humidity, causing aging to be significantly accelerated.8  Aging 
is especially problematic when the product contains a polymer-polymer weld, which is typically a seal 
formed between two, interdiffused polymer films, achieved by wetting of one film with a compatible 
solvent and pressing together.  These seals generally become weakened through aging, which could lead 
to breakage, and ultimately, product failure.  This weakening is may be due to aging in the polymer itself, 
as its macrostructure enters another conformation, facilitated by a change in environmental conditions.9  
It could also be loss of plasticiser, causing an increase in crystallinity, leading to the product becoming 
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more fragile.10  A third possibility is migration of compounds from the environment into the film, which is 
changing the composition of compounds and therefore the polymeric properties, causing the seal to 
weaken.  One or all of these factors could be contributing to aging and this project was tasked to 
investigate these phenomena.  It is not the goal of the project to completely suppress aging however, as 
there are instances where polymer aging is positive, especially in PVA, biodegradability for example.  A 
breakdown of the polymeric properties by microorganisms, yielding lower molecular weight molecules, is 
something PVA is capable of,11 reducing its negative impact on the environment, another reason for it 
being used in washing applications.  
The chemical environment in which a polymer finds itself can play a role in aging, i.e. migration of 
compounds in to a film.  The detergent PVA is used to encapsulate is a complex mixture of surfactants, 
water softeners, bleach, enzymes, brighteners, fragrances and many other agents.  Hence the chance of 
any one of these compounds having the ability to penetrate the PVA film and change the ideal 
composition within it is high.  Surfactants, the main constituent of detergents, have been shown to 
migrate, segregate and form complex structures in both solutions and polymers at interfaces.12-13  
Although the interactions between polymers and surfactants in solution have been well-documented in 
the literature,14 their interactions in a solid polymer matrix have received relatively little attention.  
Surfactant migration and aggregation at polymer surfaces is necessary for many industrial applications, 
as it provides a route by which to functionalise polymer surfaces.  Migration of surfactants, which can be 
relatively dangerous chemicals,15 to polymer surfaces is also a concern for any consumer-facing product.  
Not only are surfactants possible health-risks when present in high concentrations, they also possess the 
ability to form a literal barrier at interfaces.  Formation of a surfactant lamellar may hinder the binding 
potential of any polymer situated either side of the surfactant nanostructure, so there may be some 
negative effect on polymer seal strength also.  This project aims to explore and expand the research area 
surrounding surfactant segregation in polymer films through experimental investigation of several 
surfactants’ behaviour in polymer matrices, under a variety of environmental and chemical conditions.  
Through the use of incredibly sensitive techniques such as ion beam analysis and neutron reflectometry, 
precise spatial resolution of surfactant distribution in polymer films is achieved unlike ever before.  This 
new evidence for the diversity and complexity of surfactant behaviour in polymer films, along with 
rationalisation of this behaviour through surface energy and compatibility arguments has helped to 
understand some of the stimuli which control surfactant segregation.  A review of the literature 




2. Literature Review 
 
2.1. Poly (vinyl alcohol) 
The prevalence of poly (vinyl alcohol) (PVA) across a diverse range of industries in today’s society is 
no surprise considering the unique advantages over other polymers it has.  Few polymers exhibit the 
degree of water solubility that PVA does with as little toxicity16 or as impressive film forming capability.17  
These properties, as well as its resistance to organic solvents and biodegradability18 have led to PVA 
being utilised in the food packaging and medical industry, as well as more recently in the laundry 
industry.  There are many examples of medical applications, including implantable and non-implantable 
devices19-22 that exploit the polymer’s biocompatibility.  PVA’s primary use in the food packaging industry 
is the prolonging of food lifetime through production of an airtight seal, preventing contamination.  The 
aforementioned properties combined make PVA the perfect polymer for use as an encapsulation product 
for detergents and powders in the laundry industry.  Companies like the industrial partners of this project 
(Procter & Gamble) utilise PVA to form a casing around detergent formulations which will dissolve 
completely when washing with water, and will not cause any source of contamination or threat to 
biological life when it is drained from the washing machine and flushed away.   
 
 Synthesis of PVA 2.1.1.
PVA is synthesised from a vinyl acetate monomer as the vinyl alcohol monomer is thermodynamically 
unstable and tautomerises to acetaldehyde under atmospheric conditions (Figure ‎2.1.).23  At room 
temperature, acetaldehyde is significantly more stable than vinyl alcohol, by 45 kJmol-1,24 hence 
polymerisation of vinyl acetate must be performed.  This is usually done by way of free radical 
polymerisation,25 with many initiators, for example potassium peroxydisulfate,26 being studied to 
produce poly(vinyl acetate) (PVAc).27  PVAc synthesis is followed by hydrolysis to achieve PVA, meaning 
PVA is generally a co-polymer of converted hydroxyl –OH and residual acetate –OC(=O)CH3 groups.  
Several synthetic routes to hydrolyse PVA have been established, but the main method used in industry is 
saponification with an aqueous salt solution (Figure ‎2.2.).28-30  This method yields PVA of the least 
toxicity, a quality important in consumer products.  The percentage of converted acetate groups is termed 
the degree of hydrolysis (DH).  Although PVA synthesis is not a simple ‘one step’ reaction mechanism, this 
process does afford some advantages, as alteration of the DH allows customisation of polymeric 
properties.  The degree of polymerisation (DP) of the original PVAc also plays a large role in polymeric 






Figure ‎2.1.  MarvinSketch of the favourable tautomerisation of vinyl alcohol to acetaldehyde. 
 
 
Figure ‎2.2.  Saponification of poly(vinyl acetate). 
 
 Physical Properties of PVA and Hydrogen Bonding 2.1.2.
As with most properties of PVA, examples of which are solubility, crystallinity, surface energy, tensile 
strength, elasticity, etc., they are governed by the type and number of hydrogen bonds available for 
interaction, for example PVA’s solubility in water is dependent on DH, temperature and degree of 
polymerisation (DP).31  With each one of these factors in some way affecting hydrogen bonding (H-
bonding) potential.  H-bonding arises when a hydrogen atom is covalently bound to a highly 
electronegative atom, in this case oxygen, which causes a distortion of the electron cloud surrounding the 
bond, pulling it towards the electronegative atom (Figure ‎2.3.).  Once the electron cloud is distorted the 
bond becomes dipolar, having a partially negative (δ-) and partially positive (δ+) end, if a neighbouring 
molecule also contains a dipole, when opposing charges align an electrostatic attraction is formed.32  
Hydrogen bonding is considered one of the strongest forms of intermolecular forces, with only ion-ion 
interactions considered stronger.  Strong H-bonds are responsible for the unique properties of water such 
as high surface tension, giving an intermolecular bond strength of 23.3 kJmol-1,33 which is significant 








PVA is capable of significant H-bonding as each monomer contains a strongly polar hydroxyl group.  
Higher DH resins (> 95%) exhibit increased H-bonding and therefore increased crystallinity as the stereo-
regularity of the polymer chains is less disrupted by the presence of the larger acetate groups, allowing 
significantly more intra/inter-molecular hydrogen bonding (Figure ‎2.4.).35  PVA is one of the few 
polymers capable of exhibiting high crystallinity because of its H-bonding potential.36  It is has been 
shown to be approximately atactic, which would normally lead to little crystallinity, but as the size of the 
hydroxyl functional group is so small, it allows dense packing of the polymer chains and causes increased 
crystallinity.37  Indirectly related to crystallinity is the glass transition temperature (Tg), which is the 
temperature above which amorphous materials transition from a glassy to a rubbery state, exhibiting 
increased flexibility and softness.38  This has been shown to be 85 °C for high DH PVA and 58 °C for 
partially hydrolysed (87-89 %DH) PVA,39 hence the polymer will exhibit increased flexibility at lower DH, 
again a factor of the reduced H-bonding.  Density is another factor influenced by DH; completely 




Figure ‎2.4.  Schematic representation of increased H-bonding with high DH PVA (left) and reduced H-
bonding with presence of acetate groups (right). Middle bond is not possible due to increased distance 
between oxygen and hydrogen on opposing chains. 
 
Solubility is one of PVA’s most important properties as it is essential not only for film forming but for 
most of the roles it is tasked to do.  PVA has been shown to be soluble in hydrophilic, high polarity 
solvents such as water, ethylene glycol (EG) and dimethyl sulfoxide (DMSO).41  Water is the most relevant 
solvent for this study hence the properties of aqueous PVA are reviewed in greater detail.  Solubility is 
another property which is directly linked to the polymers H-bonding potential with lower DH resins (< 
95%) showing a significant increase in solubility, caused by the hydrophobic acetate groups weakening 
the intra/intermolecular H-bonding between adjacent polymer chains.42    Solubility has also been shown 
to decrease with increasing DP for several polymers including PVA,43 hence with increasing DP greater 
heating and stirring is required to achieve complete dissolution.  Although the total number of hydrogen 
6 
 
bonds in solution remains constant per kg of polymer regardless of polymer molecular weight, the 
entropy of mixing is greater for lower molecular weights.44  This is due to the increased number of 
configurations possible with smaller chains.  Unfortunately mechanical properties required for optimum 
product performance, such as tensile strength are also reduced at lower molecular weight,45 so a 
compromise between solubility and practicality must be achieved.  Decreased solubility for high DH/DP 
chains can be overcome by increasing the heat of the solvent, this will provide enough energy to disrupt 
the hydrogen bonds and hence cause dissolution.  However, in laundry applications, there is increasing 
pressure to make formulations that can be used at low wash temperatures, hence lower DH resins tend to 
be used. 
The surface tension (ST) of dilute, aqueous, PVA solutions has also been directly correlated to DH and 
DP.  Degree of hydrolysis has been shown to decrease the ST as it is reduced, ranging from ~65 mNm-1 for 
a 98-99 %DH polymer to ~45 mNm-1 for a 87-89 %DH polymer in a 0.5 w% solution.46  Decreasing the DP 
also reduces the ST in aqueous solutions.  The surface tension of PVA as a function of structure could be 
important since it will impact the adsorption of other additives to the PVA surface. 
A way of customising these properties of PVA is with the addition of a plasticiser, the addition of 
plasticisers allows PVA to be used in a number of applications including the aforementioned production 
of water-soluble, transparent, tough and tear-resistant packaging for detergent encapsulation. 
 
 Plasticisation and the Free Volume Theory 2.1.3.
Plasticisers are used to infiltrate the polymer matrix, disrupting the non-covalent linkages between 
polymer chains and hence increasing the space between them.47  This space is known as free volume.  the 
free volume theory was first put forward by Fox and Flory48 as a means to explain the reduction of 
polymer glass transition temperature with the addition of plasticizer.  The pair first linked the Mn of 
polymers to Tg, and therefore free volume, constructing what is now known as the Flory-Fox equation; 
 





where 𝑇𝑔,∞is the maximum Tg that can be achieved at a theoretical infinite molecular weight and K is an 
empirical parameter related to free volume.  It can be seen from this that increasing the molecular weight 
of a polymer would lead to a larger Tg, this was explained using the free volume around polymer chain-
ends.  Figure ‎2.5. displays the free volume associated with a polymer chain-end and monomer, which 
illustrates the situation where the free volume associated with a chain-end is larger than that for a 
monomer unit.  Therefore by decreasing the molecular weight of the polymer whilst maintaining the total 
mass the number of chain-ends in the system is increased, this causes an increase in the total free volume 
between the polymer chains, hence reducing intermolecular interactions and lowering the Tg.49  Under 





Figure ‎2.5.  Schematic representation of increased free volume at polymer chain ends compared to within 
the chain, wavy line represents continuation of polymer chain 
 
The addition of glycerol to PVA has been shown to also increase the free volume of the polymer,50 
promoting chain mobility and disrupting H-bonding, and therefore causing Tg to decrease too.  The 
plasticised polymer therefore exhibits increased flexibility and lower tensile strength than the pure 
polymer.51  This makes the polymer more malleable and hence easier to manipulate, having significant 
advantages in applications where flexibility is required.  The most common plasticiser used with PVA is 
glycerol, (or propane-1,2,3-triol) with the formula C3H8O3.52  This is the most suitable plasticiser for PVA 
due to its low molecular weight, high polarity and large potential for intermolecular hydrogen bonding, as 
well as low toxicity.  These characteristics increase the free volume of a PVA system when introduced, 
causing the polymeric network to become less dense due to the decrease in intermolecular (PVA-PVA) H-
bonds, hence improving the flexibility of the polymer.53  The physical properties of the plasticiser are 
critical in determining its compatibility with a polymer and specific care has to be taken with plasticiser 
selection. There have been several theories put forward for the reasons behind plasticiser selectivity, 
compatibility with the polymer and the overall mechanism of plasticization.  One of which is the Flory-
Huggins54-55 solubility parameters, these can be used to predict polymer-plasticiser compatibility in the 
same way as they are used for predicting polymer-solvent interactions, using the equation below; 
ln 𝑎1 = ln(1 − 𝑣2) + (1 −
1
𝑥




where 𝑣2 is the polymer volume fraction, 𝑥 is the volume ratio between polymer and solvent molecule, 
and μ is a semi-empirical constant.  It was shown that if μ exceeds a critical value, usually between 0.5 and 
0.55 for most polymers then phase separation will occur.  Even if μ is < 0.5 for a system and the two 
compounds exhibit sufficient compatibility and mixing initially, due to the mobility of small plasticisers in 
large polymer matrices this state is not stable for an infinite amount of time as plasticisers have the 
potential to be lost to the atmosphere with time.56-57 
Plasticiser migration and loss to the environment is a significant problem for any polymer system 
which contains a plasticiser.58  Not only will the physical properties of the polymer be affected by a 
change in plasticiser concentration, but in some applications if toxic or environmentally hazardous 
plasticisers are used, leaching of these from the polymer matrix over time is a significant health risk.  
There has been interest in ionic liquids as plasticisers due to their low volatility, however most are likely 
too toxic and expensive for laundry applications.59  The phenomenon of plasticiser migration has received 
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much attention in the medical and food packaging industry60 due to the toxicity of some plasticisers.  If a 
toxic plasticiser is present then monitoring of the plasticiser’s migration patterns is of considerable 
concern to health agencies as they aim to avoid contamination of food and medical equipment.  This has 
led to the investigation of many routes to immobilise plasticisers whilst also maintaining the desired 
physical properties.61-63   
Plasticizer loss from PVA can take three main forms; evaporation through the surface-air interface,64 
extraction through contact with a liquid (solvent, oil, or water),65 or migration in to a neighbouring non-
plasticized polymer.66  Loss via evaporation is the only mechanism of direct concern to the samples 
analysed in this project, as the polymer films are not placed in direct contact with liquid or solid 
environments, but are exposed to various gaseous atmospheres.  The rate of evaporation at the surface-
air interface depends on the partial pressure of plasticizer vapour over the film surface.  The relative 
partial vapour pressure (ratio of pressure above the system to the presence over the pure plasticizer) 
increases with concentration, if the vapour pressure over a polymer/plasticizer blend is nearing that over 
the pure plasticizer this indicates poor compatibility or a high concentration of plasticizer.66  The amount 
of plasticizer present above the system is largely influenced by the volatility of the plasticizer; a volatile 
compound will evaporate rapidly, causing a decrease in the amount of plasticizer at the surface-air 
interface.  This causes a concentration gradient which facilitates the migration of additional plasticizer to 
the surface and out of the matrix, decreasing the mechanical function of the blend.67  Plasticizers are 
generally chosen to have a high boiling point (BPT) so evaporation is slow; the rate of evaporation (W) 
can be calculated from the Hertz equation;68 





where p is partial pressure of the plasticizer at temperature T, M molecular weight of the plasticizer and k 
is the rate constant of transfer of low Mw substance from material.  As the BPT of a liquid is inversely 
proportional to the vapour pressure,69 it can be seen from Equation 3 that molecules with a high BPT will 
give a low vapour pressure, and hence a slower rate of evaporation (W).  The BPT for glycerol is 290 °C,70 
hence plasticiser evaporation should not occur readily at room temperature.  When plasticizer deposition 
does occur at the solid-gas interface prior to evaporation however, the process is known as blooming.  
Here small amounts of plasticizer are deposited on the surface of the polymer; in severe cases of 
incompatibility small droplets can be observed. 
Water can also act as a plasticiser,50 which is generally present in polymer films either by being 
retained from processing or absorbed from the atmosphere.  As the boiling point of water is lower, and 
the compound is also lighter, it would be expected that the rate of evaporation for water from a polymer 
matrix would be significantly faster than glycerol.  As both glycerol and water are non-toxic, leaching of 
the plasticiser in to its environment bares no safety risks; it is only the effects on the mechanical 
properties of the polymer which is of concern.  If plasticiser is lost from the matrix it may create regions 
of insufficiently plasticised polymer, which in turn will lead to non-ideal physical properties such as a 
decrease in impact strength.  This means the polymer will be more brittle, and may lead to increased 
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susceptibility to rupturing during movement heavy processes such as transport.  Migration within a 
polymer matrix has also been shown to be an issue for another group of compounds, surfactants. 
 
2.2. Surfactants 
Surfactants, whose name is derived from “surface active agents”, are relatively small compounds 
(<500 gmol-1) in comparison to polymers.  They are comprised typically of a hydrophilic head-group and 
hydrophobic tail-group.  The tail-groups of surfactants are usually simple hydrocarbon chains which are 
greater than 10 carbons in length, making them lipophilic.  It is the difference in hydrophilicity of these 
two regions that enable their use as detergents, where the lipophilic tail-group binds to oily substances 
such as greases, leaving the hydrophilic head group exposed.  Upon rinsing with water the head-group is 
solubilised, taking the tail-group and oily residue with it, hence removing the stain.71  Generally the head-
groups of surfactants contain more functionality, with a wide variety of possible moieties; these can fall in 
to one of four groups, non-ionic, cationic, anionic or zwitterionic (amphoteric).  In contrast to the tail-
group the head-groups are generally have high polarity (hydrophilic), giving them good compatibility 
with polar solvents.72  The size and composition of the head-group is key to determining surfactant 
functionality, they can range from relatively short and bulky head-groups, like the ones found in sodium 
dodecyl suphate (SDS) to longer, more chain-like head-groups, such as the one present in pentaethylene 
glycol monododecyl ether (C12E5) (Figure ‎2.6.).  Both of these surfactants, as well as cetyltrimethyl 
ammonium bromide (CTAB), plus variants of the non-ionic C12E4 and C12E6 are studied in this project.   
 
 
Figure ‎2.6.  Hydrophobic tail-groups and hydrophilic head-groups of C12E5 and SDS 
 
The molecular weight relationship between the head and tail group is given the name hydrophilic-
lipophilic balance (HLB).  HLB has been shown to be an insightful parameter when defining properties 
such as solubility73 and the oil-water partition coefficient (KWO)74 of surfactants, which are essential in 
determining a surfactant’s suitability to its task.  For non-ionic surfactants, HLB is given by the Griffin 
equation; 





where Mh is the molecular mass of the hydrophobic portion of the molecule and Mw is the molecular 
weight of the entire molecule.  Higher HLB surfactants are therefore more hydrophilic, and lower more 
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lipophilic.  For ionic surfactants, the Griffin method has been shown to be less accurate, and instead the 
Davies method is preferred;75 





where; m is the number of hydrophilic groups, Hi is the value of the ith hydrophilic groups (from 
literature) and n is the number of lipophilic groups in the surfactant.   There exists a general scale for HLB 
which can be used to determine what applications a surfactant is likely to be effective in (Figure ‎2.7.).76  
The HLB for the surfactants used in this study are given in Table ‎2.1.  As can be seen the HLBs for the non-




Figure ‎2.7.  Griffin77 HLB scale to determine surfactant functionality 
 
Table ‎2.1. HLB of surfactants used, (NI) – non-ionic, (I) – ionic 
Surfactant HLB 
C12E6 (NI) 12.5 
C12E5 (NI) 11.7 
C12E4 (NI) 10.7 
SDS (I) 8.3 
CTAB (I) 6.9 





 Surface Adsorption and Segregation 2.2.1.
As the name suggests, surfactants are very surface active, meaning that they accumulate at surfaces 
and interfaces.  This property can be described through surface tension arguments.  Surface tension is 
defined as the excess surface free energy per unit area, or the minimum amount of work required to 
create a new unit are of the interface.  In a simple homogeneous liquid-air system, the cohesive forces 
shared with neighbouring molecules are equal for those in the bulk as they are surrounded evenly in all 
directions.  Liquid molecules at the surface however have no neighbouring liquid molecules above them, 
and hence bonds must be broken to increase the surface area.  The work required to do this defines the 
surface tension.  This increase in attractive forces is what defines surface tension.78  Surfactants are 
surface active in aqueous solutions because their hydrophobic portions have an unfavourable interaction 
with the polar solvent, hence it requires less energy for a surfactant molecule to migrate to the surface, 
than it does a water molecule.  Therefore migration will happen spontaneously, in order to minimise 
contact of the hydrophobic tail-group with the polar solvent the surfactant will orientate itself with the 
tail-group pointing out of the liquid-air interface.79  As migration progresses and the concentration of 
surfactant at the interface increases a monolayer is formed, this causes an energetically favourable 
reduction in the surface tension at the interface (Figure ‎2.9.).  If the concentration of surfactant is 
sufficiently high, then surfactant structures within the bulk begin to form, the concentration at which this 
happens varies regarding surfactant structural properties, (HLB, polarity, etc.) and is termed the critical 
micelle concentration (CMC).80  This point is clearly visible on a plot of concentration versus surface 
tension (Figure ‎2.8.), as the point at which the surface tension is no longer reduced with increasing 
surfactant concentration.  This is because increasing the surfactant concentration about the CMC has little 
effect on the activity. 
 
 
Figure ‎2.8.  General representation of surface tension with increasing surfactant concentration, indicating 




 Surfactant Micelles and Lamellae 2.2.2.
In the most basic form the thermodynamics of surfactant micelle formation are described using the 
Gibbs-Helmholtz equation; 
∆𝐺𝑚 = ∆𝐻𝑚 − 𝑇∆𝑆𝑚 
Equation 6 
where ΔGm is the Gibbs free energy of micellisation, ΔHm the enthalpy of micellisation and ΔSm the entropy 
of micellisation.81  Generally there is a small increase in enthalpy of the system for formation of micelles; 
hence thermally micelle formation is unfavourable.  In contrast however there is a large increase in ΔSm 
upon micellisation, giving a negative ΔGm.  This means micelle formation will lead to a reduced free 
energy (a more stable system), hence will occur spontaneously.  This is because the entropically 
unfavourable ordering of water around hydrophobic groups to preserve H-bonds is reduced.  If surfactant 
concentration is increased far beyond the CMC, the surfactant can form liquid crystalline phases.82  These 
phases are referred to as lyotopic liquid crystals and can exist in several possible forms; elongated 
micelles, hexagonal phase, cubic phase and lamellar phase (Lα).  Generally as concentration increases the 
liquid crystals will form in the previous order, with a lamellar phase being formed at the highest 
concentration.  When any surfactant agglomeration has formed, as a surface mono-layer, or liquid crystal, 
it exists as a dynamic equilibrium where surfactant molecules from the bulk and surfactant structure will 
constantly interchange, represented by the equilibrium arrows in Figure ‎2.9.83  More in-depth 
information on the thermodynamics of micelle and liquid crystal formation is given in the review by 
Nagarajan and Ruckenstein.84  While this is very well established behaviour in water, the corresponding 




Figure ‎2.9.  Schematic representation of surfactant in an aqueous medium, (a) low surfactant 
concentration, start of surface segregation, (b) formation of surfactant monolayer, (c) increased 
surfactant concentration, formation of micelle, (d) high surfactant concentration, formation of a lamellar 
Surfactants will not only migrate to surfaces, but also to contrasting interfaces in solution.85  This is 
especially useful in the formation of emulsions, where the surfactant forms a flexible (due to low 
interfacial tension) barrier between two immiscible fluids, such as oil and water.  In the same way that 
was described for the water-air system, surfactant will migrate to the interface as it requires less energy 
to produce interfacial area, the build-up of surfactant at the interface then reduces the interfacial tension 
between the two phases.86  Micelles will again form once the CMC is reached, except here they will form 
around a droplet of either water or oil.  This provides a protective barrier between the two fluids, 
meaning that interaction between them is significantly reduced.  This therefore allows small droplets of 
one fluid to move freely and be dispersed in the other, hindering phase separation, which is essential for 
detergent formulations and many cosmetic products.87  The chemical nature of the surfactant and the two 
immiscible media is what determines whether a water-in-oil (W/O) or oil-in-water (O/W) emulsion is 
formed; both are visible in Figure ‎2.10.  Because surfactants spontaneously have a preferred monolayer 
curvature, formation of W/O and O/W at the same time is unusual, the schematic is merely used to 
represent both situations.  Collection of surfactant at solid-liquid interfaces has also received much 
attention in the literature; however the system of interest in this study has gone surprisingly unstudied, 





Figure ‎2.10.  Schematic representation of either a water-in-oil (WIO) or oil-in-water (OIW) emulsion upon 
addition of surfactant to two immiscible fluids 
 
2.3. Compatibility of Components 
The effect of surfactants on two immiscible fluids has been discussed, but what determines whether 
one compound is miscible/immiscible?  Compatibility arguments are discussed in the following section 
which attempt to explain this behaviour.  When determining the compatibility of two materials the 
Hansen solubility parameter (HSP) of each material is often consulted.  Hansen famously stated that ‘like 
dissolves like’ and devised the HSP calculation by splitting the Hildebrand solubility parameter in to three 
components to describe the interaction between molecules;88 
𝛿 =  √(𝛿𝑑
2 + 𝛿𝑝2 + 𝛿ℎ
2) 
Equation 7 
where δ is the total Hildebrand parameter, δd is the dispersion component, δp is the polar component and 
δh is the hydrogen bonding component.  Although this parameter performs best when the molecules are 
considered spherical, it can still provide a good approximation as to whether solvation will occur with 
non-spherical molecules too (i.e. polymers).  HSPs can also be used to predict the effectiveness of a 
plasticiser as the Flory-Huggins parameters (Equation 2) can; if the polymer and plasticiser exhibit a 
similar HSP then sufficient compatibility should be observed.89  The effectiveness of the plasticisers 
glycerol and urea on PVA have been studied, where urea was found to be a more suitable plasticiser.90  
Comparing the HSP values for each of the compounds to PVA (Table ‎2.2.) it can be seen that this result is 
not surprising, as urea exhibits a HSP much closer to PVA than glycerol does.  The authors conclude that it 
is the ability of urea to form stronger H-bonds to PVA in comparison to glycerol that increases 
compatibility, the δh also suggests this as it is much closer to PVA’s δh.  Prolonged exposure to urea can 
however lead to dermatitis,91 hence it is not likely to be used in laundry product formulations.  The 
relationship and ability to form H-bonds between PVA, glycerol and water is investigated in surfactant 





Table ‎2.2.  Hansen solubility parameters for PVA and some known plasticisers of PVA, values obtained 
from Handbook of Solubility Parameters92 
Compound δ δd δp δh 
PVA 23.7 17.5 12.5 10 
Urea 20.9 12.0 10.5 13.5 
Glycerol 36.2 17.4 12.1 29.3 
Water 47.8 15.6 16.0 42.3 
 
2.4. Relative Humidity Control 
The interactions between PVA and glycerol are studied throughout this project, with glycerol’s effects 
on surfactant segregation of significant importance.  As part of the investigation in this area, these 
relationships were studied under relative humidity control.  This was done using saturated salt solutions 
in sealed vessels, which works as the water vapour concentration, and therefore the percentage relative 
humidity (%RH) over a salt solution is less that over pure water.93  Vapour pressure is something that 
exists over any liquid, but in the case of water it can be considered that over any aqueous solution there 
will exist some amount of gaseous water, giving rise to a vapour pressure.  Molecules of water at the 
surface of a solution are constantly changing from the solution to gaseous state (evaporation) and vice 
versa (condensation).  When a solution exists in an open container the rate of evaporation is large 
compared to the rate of condensation, hence the amount of solution will become reduced over time.  
However when a solution exists in a sealed chamber, a dynamic equilibrium can be reached where the 
rate of evaporation equals the rate of condensation, hence the water vapour pressure over the liquid 
water is saturated (contains a fixed number of water molecules), and therefore humidity is stable.  Upon 
addition of a salt to the solvent, the process of evaporation is hindered, whereas condensation is not, 
causing the solution to exhibit reduced vapour pressure.  The amount of hindrance exhibited on the 
solvent (water) is determined by the chemical nature of the salt, therefore the number of water molecules 
in the atmosphere at equilibrium (relative humidity) can be controlled depending on the salt used.  The 
concentration of the salt (solute) can also have an effect on the boiling point of a solvent.  This effect is 
described in terms of boiling-point elevation (ΔTb), assuming the salt is non-volatile, ΔTb is given by;94 
∆𝑇𝑏 = 𝐾𝑏 ∙ 𝑏𝐵  
Equation 8 
where Kb is the ebullioscopic constant and bB is the molality (moles of solute per kilogram of solvent) of 
the solution.  The ebullioscopic constant is determined for a solvent using the following expression; 






Where R is the molar gas constant, Tb is the normal boiling point temperature of the solvent, M is the 
molar mass of the solvent and ΔvapH is the molar enthalpy of vaporisation of the solvent at its boiling 
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point.  The Kb of water is 0.512, hence addition of a salt will increase the molality of the solution, causing 
the boiling point to also increase.  These values can be used to calculate the degree by which boiling point, 
and hence vapour pressure and relative humidity will be affected upon addition of a salt. 
Temperature is also influential on the vapour pressure of water, where heating will cause an increase 
(evaporation) and cooling will cause a decrease (condensation).   This effect is also seen in dilute aqueous 
salt solutions however, so if a stable environment cannot be achieved it is necessary to saturate the 
solutions to help maintain a consistent atmosphere (%RH) regardless of temperature.95  
 
2.5. Molecular Vibrations 
Molecular interactions are investigated in chapter 7 with infrared spectroscopy, therefore some basic 
theory on molecular vibrations, which are utilised to perform the analysis, are discussed below.  There 
exist three types of motion in any molecule; translational, where the molecule as a whole moves in a 
single direction, rotational, where the molecule as a whole spins or rotates and vibrational, where the 
bonds between individual atoms within a molecule move.96  There are several types of molecular 
vibrations which exist in molecules that contain more than two atoms, for example the vibrations for a 
methylene (-CH2-) group are listed in Figure ‎2.11.97  Typically one full vibration cycle takes approximately 
10-15 seconds to complete, and the typical frequencies of these vibrations range from approximately 1013 
to 1015 Hz, which corresponds to wavenumbers of ~300-3000 cm-1.98 
 
Figure ‎2.11.  Schematic representations of bond vibrational modes, blue – start position, red – end 
position 
 
Infra-red spectroscopy (IR) works by probing the different vibrations in a molecule through 
absorption of electromagnetic radiation, in the form of light.   In its most basic form, IR uses a white light 
source which has been separated into individual wavelengths and passed through a sample.  Each 
wavelength of light is comprised of photons which have the same energy, and if a sample contains a 
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molecular vibration which has the exact same excitation energy as the photon energy, the photons will be 






where I is the intensity of light transmitted through the sample and I0 is the intensity of light  irradiating 
the sample.  The concentration of the absorbing species is included in the Beer-Lambert law; 
𝐴 = 𝜀𝑐𝑙 
Equation 11 
where ε is the absorption coefficient, c is the concentration and l is the path length of light through the 
sample.  These values are hence used to quantify the concentration, or strength, of the vibration which 
correlates to that wavelength within a molecule.  If there is strong absorbance at a particular wavelength 
it indicates that only a small number of the incident photons have reached the detector on the other side 
of the sample, therefore the sample contains a large amount of vibrations which correspond to that 
specific change in vibrational energy level.  The theory behind this is discussed more in more detail in the 
following section.   
As discussed the photon energy (E) is what is varied in order to produce an IR spectrum, this 
therefore generally constitutes the controlled variable (x-axis) for most IR spectra.  The units of this are 
not discussed directly in terms of E however, and are instead usually expressed in terms of frequency (𝑓) 
or wavelength (λ).  These three physical properties are all directly correlated using Equation 12,Equation 
















where; ℎ is the Planck constant and c is the speed of light in a vacuum.  Conventionally, and for this 
investigation, the units of frequency used are reciprocal centimetres or the number of waves in a length of 






which can also be described as wavenumber.  The wavenumber of a vibrational mode can be calculated 











where k is the force constant, used to provide a measure of the ‘stiffness’, or strength of the bond and μ is 















for 𝜐 to be cm-1, the speed of light must be in cms-1, the force constant in ergcm-2 and the reduced mass in 
grams.  The force constant can also be described as the spring constant as bonds follow Hooke’s Law; 
𝐹 = −𝑘𝑥 
Equation 19 
where F is the restoring force of the spring and x is the displacement of the spring from its equilibrium 






for calculating the spring constant.  It can be seen from the previous equations that the wavenumber of a 
given vibrational mode is defined from the composition of the bond, and can therefore be used to identify 
what moieties are present in a sample. 
For example, if a compound contains a C-H stretch (νCH), as most compounds do, the wavenumber 
of the vibrational mode can be calculated using Equation 18, where the masses of C and H are 1.99×10-23 g 
and 1.67×10-24 g respectively.  The force constant (k) for a C-H stretch was calculated by to be                 
29.4 eV Å-2,101 giving a value of 4.71×105 erg cm-2.  Calculated using the following conversions; 1 eV = 
1.602×10-12 erg and 1cm-2 = 1×1016 Å-2.  The final wavenumber is given in reciprocal centimetres (cm-1) as 
1 erg ≡ 1 dyne cm ≡ 1 gcm2s-2, causing the units to cancel as shown above.  From this it is possible to see 
that if the force constant (bond strength) increases the stretching frequency, and hence wavenumber, will 
also increase, therefore more coordinated bonds will generally appear at higher wavenumber.  Increasing 
the reduced mass of the bonded atoms will cause a decrease in the observed wavenumber through the 




The strength of photon absorption is controlled by a molecules dipole moment.  The dipole moment 
of each bond is determined by the magnitude of the charge difference between its two atoms, as well as 
the distance between them, hence bond vibration results in a change in dipole moment.  This fluctuation 
in dipole moment produces an electric field and if the electric field of the photon (from the light source) 
matches that of the bond, excitation occurs.105  The total dipole moment for a molecule is the vector sum 
of each individual bond dipole (‎2.1.2.) within that compound.  A stronger bond dipole will result in a 
greater number of photons being absorbed, hence absorption bands for polar moieties are much easier to 
detect.  Compounds without polar groups will produce IR spectra with little to no absorption.  When 
photons are absorbed at a particular wavenumber, the molecule gains energy and is moved from the 
ground vibrational state (lowest vibrational energy) to an excited vibrational state (higher vibrational 
energy).  This results in a respective change to the vibrational mode which absorbs this energy, where a 
stretching mode will exhibit an increase in bond length between the two atoms with excitation, and a 
bending mode will exhibit an increase in the bond angle.  In order to excite a molecule, the energy of the 
photon must be equal to the energy difference between the two vibrational states (ΔE);  
∆𝐸 = ℎ𝑣 
Equation 21 
where; ℎ is the Planck constant and 𝑣 is the frequency of the photon.  Therefore as the energy of the 
photons which are interacting with sample is varied to cover the entire range, a strong absorption at a 
particular wavenumber indicates a strong presence of the moiety related to that wavenumber. 
Some related vibrations produce two absorption peaks in very close proximity; this is generally 
accounted for by the presence of an asymmetric and symmetric stretch of the same type of bond.  With a 
symmetric stretch, for example in a CH2 group, the distance between the carbon and hydrogen atom 
increases simultaneously, then decreases simultaneously.  As the distance between oppositely charged 
atoms contributes to a bonds dipole moment, a symmetric stretch causes a relatively significant change in 
dipole moment as both bonds extend at the same time.  This in turn leads to a reduction in the 
wavenumber at which symmetric stretches are seen as the wavenumber relates to bond strength.  
Increased photon photo absorption is also observed for these vibrations as a feature of the large change 
in dipole moment.  These effects are not observed with an asymmetric stretch as a constant state is 
achieved as when one bond extends, the other retracts.  It is this reason why asymmetric stretches will 
often appear stronger than their symmetric counterparts.   
FTIR has been shown to be especially adept at defining the strength of H-bonding by a number of 
characteristic changes in the spectrum.106-107  Firstly, as the strength of a vibrational mode indicates how 
strongly it will absorb IR radiation, it can be influenced by changes in the surrounding environment, so an 
increase/decrease in absorption intensity can provide information on H-bonding.  Broadening of peak 
width in IR is another indicator, stretching modes such as the O-H stretch (νOH), C-H stretch (νCH) and C-
O stretch νCO will see an increase in the range of spring constants when H-bonded.  Variance in vibration 
spring constant will cause variance in vibration wavenumber through Equation 16, which will then result 
in a broadening of the respective band as an array of wavenumbers are representative of a single 
vibrational mode.  This phenomenon is observed when looking at compounds such as alcohols in the 
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gaseous state.108  As H-bonding cannot occur in a vapour, the free νOH stretch appears as a sharp, narrow 
band as oppose to the conventional broad band associated with a H-bonded νOH stretch.  Bending modes 
will conversely see a narrowing of their respective bands as bending becomes more difficult when H-
bonded.  The wavenumber of a bond vibration is another indicator, as wavenumber is inversely 
proportional to wavelength, and subsequently energy, stronger bonds vibrate at higher wavenumber 
(Equation 16).  When bonds such as the O-H stretch partake in H-bonding, their strength is reduced, 
which causes the representative band to shift to lower wavenumber (red shift).  This is due to the 
electrostatic interaction between H-bond donor (X-Hδ+) and H-bond acceptor (Yδ-) atoms which causes X-
H lengthening as Yδ- pulls Hδ+ closer to it.109  Therefore all stretching modes will shift to a lower 
wavenumber with H-bonding.  Oppositely, any bending modes will see an increase in their wavenumber if 
they are taking part in H-bonding as it becomes more difficult to bend the bond, causing the potential 
surface to become narrower.  A large increase in dipole moment response can also be observed with 
increased H-bonding.   
 
 
Figure ‎2.12.  Schematic representation of how hydrogen bonding of hydroxyl group causes stretching 
vibrational modes to become weaker, and hence have a lower wavenumber, and how bending vibrations 




2.6. Project Aims 
The aims of this project are to explore the relatively unknown segregation behaviour of surfactants 
and plasticisers in a PVA matrix.  Small molecule migration and segregation in polymers is a phenomenon 
of significant importance in many industrial applications.  For plasticisers, loss to the environment is of 
concern to many products due to negative effects on the polymeric properties of the material, as well as 
the toxicity of some plasticisers.  For surfactants, aggregation at polymer surfaces can have a significant 
impact on the surface functionality of polymer films, as well as their appearance and feel.  The factors that 
control the segregation behaviour of these compounds in a polymer matrix, especially surfactants, is not 
well-understood.  It is believed that probing the segregation behaviour and nature of interactions 
between surfactants, plasticisers and the PVA matrix will shed light on the forces which control these 
processes.  
Chapter 4 – plasticiser evaporation and absorption aims to study the behaviour of a well-established 
PVA plasticiser (glycerol) within the matrix.  As plasticiser loss to the environment is a cause for concern 
for many polymer systems, an initial investigation in to the rate at which the plasticiser evaporates is set 
to be launched.  This should provide information on not only the rate of glycerol evaporation in PVA but 
also the rate at which it can redistribute inside the polymer matrix.  The effect of properties relevant to 
the function of PVA such as degree of hydrolysis, are also to be investigated. 
Chapter 5 - Non-ionic surfactant segregation in PVA film is set to study exactly that.  As mentioned, 
PVA often come into contact with surfactant rich environments, as well as usually containing some 
surfactants left over from emulsion polymerisations.  The behaviour of surfactants in the polymer matrix 
lacks thorough investigation; hence this chapter will probe the behaviour of some non-ionic surfactants in 
PVA, and attempt to uncover some of the forces behind their behaviour.  By varying surfactant properties 
such as HLB, and environmental properties such as relative humidity, more information is hoped to be 
gained on the segregating nature of the small molecules in the polymer matrix. 
Chapter 6 - Ionic surfactant segregation in PVA film has similar aims to the previous chapter, whilst 
also having the goal to probe any differences in segregation behaviour between non-ionic and ionic 
surfactants caused by the variance in head-group moieties and HLB.  It is well known that both non-ionic 
and ionic surfactants will form aggregated lyotropic mesophases in solution, but their ability to do so in 
solid polymer matrices has also received little literature attention.  This phenomenon is set to be 
investigated for both ionic and non-ionic surfactants using neutron reflectometry. 
Chapter 7 - Molecular Interactions - Hydrogen Bonding via FTIR is set to provide experimental 
evidence for the intermolecular forces which dictate the favourable/unfavourable nature of interactions 
between the four main components to be studied; PVA, glycerol, surfactant and water.  As all of these 
compounds are generally capable of significant hydrogen bonding, this form of molecular interaction is to 
be the focus of this chapter.  H-bonding is known to be detectable with FTIR, therefore this technique will 
be primarily used here. 
Some theory behind the processes which occur in polymer, plasticiser and surfactant systems has 
been discussed in the previous chapter; the following chapter will focus more on the theory behind the 
experimental techniques used in this project.  
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3. Materials and Methods 
 
3.1. Sample Preparation 
Generally samples exist in one of two forms within this investigation.  Thin (< 300 nm), substrate-
bound polymer films doped with plasticiser and/or surfactant were used to investigate segregation 
behaviour with IBA/NR.  Additionally thick (> 10 μm), free standing polymer films were used to produce 
a model version of the thicker polymer films used in industry.  Each sample preparation method is 
discussed below. 
 
 Model Thick (> 10 μm) Films 3.1.1.
In order to study the fundamental behaviour that relates to commercial PVA films, it is necessary to 
simplify the film to a small number of well-defined components.  To do this a 4 %(w/v) aqueous solution 
of PVA resin (Sigma-Aldrich P8136, Mw = 30−70 kg/mol, DH = 87−90%), similar in properties to what is 
used industrially110 was made by heating in deionised water, conductivity ~0.5 µS cm-1, with stirring at 75 
°C for ~2 hours until completely dissolved.  To plasticise these systems an aqueous 4 %(w/v) solution of 
plasticiser (glycerol ≥ 99%, Aldrich) was then added in the desired weight percentage and stirred 
overnight.  To prepare a film of ~76 μm, 18 cm3 of solution was added to a 10 cm diameter polystyrene 
petri dish and dried inside a vacuum oven at 80 °C / 800 mbar for ~90 minutes or until all solution was 
removed from the petri dish and only a solid film remained.  The average film thickness was controlled by 
varying the volume of solution deposited per unit area.  To produce thinner (~15 µm) films capable of 
being studied with FTIR in transmission geometry the same method is performed using 5 cm3 stock 
solution. 
 
 Thin (< 300 nm), Spin-Cast Films 3.1.2.
In order to study segregation behaviour of compounds such as surfactant and plasticiser in polymers 
with scattering techniques, significantly thinner (< 300 nm) films were produced.  Model films were again 
studied in order to simplify the system and enable easier interpretation of segregation behaviour.  To 
produce films of this sort a 4 %(w/v) aqueous solution of a PVA was again formulated and combined with 
4%(w/v) solutions of glycerol and/or surfactant and stirred overnight.  Surfactant solutions, particularly 
the anionic ones, may become hazy when stirring.  This is most likely due to the formation of self-
assembled surfactant mesophases, heating slightly for approximately 15 minutes will cause the 
mesophase to dissipate111 and produce a clear aqueous solution.  Combining the surfactant solution with 
the polymer solution will also cause the mesophase to disband, forming an isotropic phase again.  Films of 
< 300 nm were achieved by spin-casting on to cleaned silicon wafers of approximately 3 x 3 cm, which 
had been cut using a diamond-tipped pen.  The substrate is kept in place during sample preparation by a 
vacuum which is applied to the underside of the silicon wafer using a compressed airline.  There are 
generally 3 stages involved in the process of producing a spin-cast film.  The first stage is a washing 
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phase, here the silicon wafer is rotated at high speed (> 1500 RPM) and a jet of organic solvent, usually 
acetone, is applied via a wash bottle to remove any residual organic material, plus any shards of silicon 
left over from the scoring of the wafer.  The next step is the addition phase; here the sample solution is 
applied to the cleaned wafer, depending on the surface tension of solvent used for polymer dissolution, 
the speed of this stage can vary.  If the solvent has relatively low surface tension, it will spread effectively 
on the wafer, giving even coverage at slow rotational speed (< 100 RPM).  Due to the high surface tension 
of the solvent in this case (water), at low speed the solution would not wet the substrate surface fully, 
running off a single side only.  To combat this problem the substrate had to be stopped completely in 
order to apply an even coating of solution to the entire wafer.  Once the substrate was loaded with 
polymeric solution, the drying phase could commence.  Rotational speed of this stage is largely 
responsible for the final thickness of the dried film; a slower rotation throws less of the solution off the 
edges of the substrate, causing an increase in thickness, and vice versa.  The films produced generally 
ranged from 150 to 300 nm with spinning speeds of 800 – 1300 RPM. 
 
 
Figure ‎3.1.  Schematic representation of solution drying via spin coating. 
 
3.2. Scattering Techniques 
In order to achieve depth profiles of the elements present in the thin films, and hence track their 
migration and segregation within the samples the two main scattering techniques used were ion beam 
analysis and neutron reflectometry.  A relatively brief overview of the theoretical foundation and 
experimental set-up of the two techniques is discussed in the following sections.  For more in-depth 
information please consult the ion beam analysis reviews by Jeynes and Colaux,112-113 as well as the 




 Ion Beam Analysis (IBA) 3.2.1.
Ion beam analysis is a well-established collection of techniques used to reliably determine elemental 
composition versus depth profiles for labelled components in < 1μm thin films.  It has seen use in several 
research areas, examples of which are; fingerprint and gunshot residue analysis,115 elemental profiling of 
gold artefacts,116 characterising cementitious materials117 and elemental analysis of cells and 
biomaterials.118  The IBA family is mainly made up of nuclear scattering techniques; Rutherford 
backscattering spectrometry (RBS), non-Rutherford (elastic) backscattering (EBS), elastic recoil detection 
analysis (ERDA) and nuclear reaction analysis (NRA). It also includes some photon emission techniques 
such as particle induced x-ray emission (PIXE) and particle induced gamma-ray emission (PIGE).  The two 
emission techniques have excellent elemental resolution but poor depth resolution, so are therefore not 
useful for the depth profiling of thin films of known composition.  Therefore, the techniques mainly used 
in this study are RBS, ERDA and NRA, for their simplicity and accuracy when depth profiling light 
elements in a heavy matrix.  Durham University has one of two IBA set-ups in the U.K., including a 
National Electrostatics Corporation 5SDH pelletron accelerator and RC43 end-station.  In order to 
perform IBA the entire system must be kept under relatively high vacuum (< 4×10−6 Torr).  At these low 
pressures, evaporation occurs at a significant rate, causing the low molecular weight components of the 
thin films to be removed rapidly.  To maintain sample integrity during experiments films were cooled to 
below −50 °C using liquid nitrogen.  This was achieved by attaching the silicon wafer to a metal sample 
holder by screwing two smaller plates on top of the wafer (Figure ‎3.2.), which is subsequently screwed 
into a sample holder rod.  This allows the user to submerge the sample into liquid nitrogen safely, and 
once cooled lower the sample into the endstation (Figure ‎3.3c.) for analysis.  The details of each IBA 
technique are discussed in the following sections.  
 
Figure ‎3.2.  Schematic representation of silicon wafer sample holder which is lowered into the 








Figure ‎3.3.  Photograph of IBA set-up, labelled parts are a – ionisation chamber, b – Pelletron accelerator 
and c – endstation. 
a. Rutherford Backscattering 
RBS is particularly well suited to the detection of heavy elements within a sample.  In a typical RBS 
experiment, an incident 4He+ beam of 1.5 MeV is directed at a sample 80° to the sample normal.  Once 
impacting the sample, backscattering of the helium ions occurs and a detector with a nominal energy 
resolution of 17 keV at 170° to the incident beam measures the energy and number of backscattered 
helium ions.  A schematic representation of this process is displayed in Figure ‎3.4.   
 
 
Figure ‎3.4. Schematic representation of Rutherford backscattering (RBS) analysis and geometry 
 
The information gathered by the detector can then be interpreted to give an elemental and hence 
molecular composition profile for each individual component within a sample.  Under these experimental 
conditions, RBS provides a depth resolution of ~15 nm.  The raw output of all IBA data is given as counts 
per channel versus channel.  Channel corresponds to the energy of each backscattered helium ion and 
hence the depth within the sample at which it was scattered, plus the mass of the target nucleus.  In this 
set-up, typically energy (E) = 9.6 keV/channel + 40 keV.  The gain is defined by the amplification 
electronics and the constant is the energy lost by the recoiling particles as they traverse the detector 
window.  As an ion beam travels through matter it loses energy from two forms of collisions, inelastic 
collisions with electrons (Se electronic stopping) where interaction excites or ionises the target atoms, 
causing the incident particle to lose energy.  Energy is also lost through elastic collisions with target 
nuclei (Sn nuclear stopping), which lead to a change of direction of the incident ion in a ‘billiard ball’ 






𝑆 = 𝑆𝑛 + 𝑆𝑒  
Equation 22 
At low beam energy (< 100 keV) nuclear stopping power dominates the expression, whereas at 
higher energy the stopping power due to interaction with target nuclei becomes negligible and electronic 
stopping power is more prevalent hence; S ≈ Se.119  Stopping power will increase with increasing beam 
energy until a maximum is reached, after which any further increase will cause stopping power to 
decrease as other factors such as radiation stopping power come in to play.120 As the beam energies used 
in this study range from 0.7 – 1.5 MeV the initial primary stopping power is that of electrons, with nuclear 
scattering becoming apparent once the incident ions have lost sufficient energy.  The expression for 






Using the program SRIM – The Stopping and Range of Ions in Matter,121 the typical electronic and 
nuclear stopping power for a 1.5 MeV 4He beam in PVA are 236.81 and 0.25 keVµm-1 respectively.  As can 
be seen the electronic stopping power is much greater than the nuclear.  The mass of the target atoms is 
the largest contributor to stopping power, where the energy of the backscattered projectile (E1) can be 
calculated by scaling the energy of the incident ion (E0) by the elastic scattering kinematic factor (KS); 
𝐸1 = 𝐾𝑆𝐸0 
Equation 24 
where KS is given by; 












where θ is the scattering angle, M1 is mass of incident nucleus, M2 is mass of the target nucleus.  As the 
incident nucleus is always 4He+ in this study, for backscattering, the mass of M1 < M2, therefore only the 
plus sign is physically meaningful for RBS in Equation 25.  The kinematic factor for a typical element such 
as carbon is hence smaller than K1 for a heavier element such as bromine (utilised in ‎6.1.), causing helium 
backscattered by bromine to be detected at higher energy,  
 The distance the incident beam has travelled within the sample also affects the energy of the 
backscattered projectile.  Helium ions detected with a higher energy have lost relatively little of their 
energy as they have impacted the sample, meaning they have been scattered from the surface or near-
surface regions.  As the energy of the detected helium decreases, this indicates a greater interaction with 
the sample; hence the beam has travelled further in to the sample before scattering, having therefore lost 
more energy. This direct correlation of scattering depth to backscattered ion energy is what enables 
accurate depth profiling of heavy elements within a sample.  The feature of energy loss can however 
complicate analysis when relatively rough films are studied, discussed later in chapter 4.  Backscattered 
27 
 
yield (measured in counts per channel) for each element is proportional to its concentration, as a greater 
number of backscattered ions with a specific energy means a higher concentration of the heavy element 
at that depth within the sample.  In an environment such as the one generally used in this study (a spin 
cast PVA film on a silicon wafer) backscattering is dominated by the silicon substrate as the polymer film 
is significantly thinner than the substrate on which it is bound.  Therefore to explicitly detect an element 
in a film on a Si wafer with RBS, it must be significantly heavier in mass than Si. 
 
b. Elastic Recoil Detection Analysis 
ERDA differs from RBS as it exploits the forward scattering of elements lighter than the incident beam 
in order to produce a depth profile.  Typically a 1.5 MeV 4He+ beam is used for ERDA as was done for RBS, 
allowing the two techniques to be measured simultaneously.122  The primary forward scattered elements 
are those lighter than 4 atomic mass units (AMU).  Anything heavier than this that is also forward 
scattered is eliminated from the detector by use of a 5 μm PET range foil, which filters out higher atomic 
number nuclei, including the helium incident ions.  In order to provide a contrast within the material to 
detect distribution of individual components, deuterium labelling is utilised.  Deuterium labelling (1H to 
D) has been proven to be an effective method of compound isolation whilst having very little effect on the 
physicochemical properties of the labelled component.123  As the mass of deuterium is < 4 AMU, it is also 
forward scattered along with hydrogen (Figure ‎3.5.).  The energy of the recoiled atoms (E2) can be 










where M1 is mass of incident nucleus and M2 is mass of recoiling nucleus at an angle ϕ.  As the incident 
beam is always 4He+ and the scattering angle is constant, usually fixed at 30°, it can be seen from this 
equation that any increase in mass will cause the backscattered ion to have more energy.  Using Equation 
26 the energy separation of D and H scattering is explained in terms of atomic mass; 
𝐻 =
4 𝐻𝑒4 ∙ 𝐻1
( 𝐻𝑒4 + 𝐻 1 )
2 cos
2 30 = 0.48 
𝐷 =
4 𝐻𝑒4 ∙ 𝐷
( 𝐻𝑒4 + 𝐷)
2 cos
2 30 = 0.67 
hence; 
𝑓𝑜𝑟 𝐻: 𝐸2 = 0.48 𝐸0 




therefore forward scattered deuterium will be detected at higher energy in comparison to forward 
scattered hydrogen.  The incident beam loses energy as it traverses the sample in the same way as it does 
for RBS, hence higher energy H and D has been scattered from the surface of the film, and lower energy 
has been scattered from deeper within the film.  A schematic representation of the scattering geometry 
for ERDA is shown in the Figure ‎3.5. 
 
Figure ‎3.5.  Schematic representation of elastic recoil detection analysis (ERDA) mechanism and 
geometry 
 
c. Nuclear Reaction Analysis 
The final branch of IBA used in this study is nuclear reaction analysis (NRA); the same detector used 
for RBS is used here, hence a similar geometry and gain (E = 9.5 keV/channel + 40 keV) is utilised.  NRA 
excels when the individual analysis of deuterium distribution within a sample is required.  Such cases that 
may require this method of analysis are when a sample is very thick or if a low energy beam is required.  
If samples are thick (> 1 μm), ERDA is unable to fully resolve the hydrogen and deuterium scattering, 
making comprehensive analysis of deuterium distribution difficult, an example of this within this study is 
found in ‎4.3., and in the literature in the Composto IBA review.124  In order to isolate deuterium 
distribution, a 3He+ incident beam is used which can, as the branch name suggests, cause a nuclear 
reaction.  For a reaction to occur, the incident helium ion must have enough energy to overcome the 
Coulombic repulsion, if this requirement is filled, transfer of a neutron from deuterium to helium occurs, 
producing a high energy proton (3He + D  4He + H + 18.352 MeV).125  Other nuclear reactions can be 
used to probe elemental distribution, for example with Li and F, but this is the only one that is useful for 
the samples studied in this investigation.  The energy and number of ejected protons can be used to 
determine depth and concentration in a similar way to the previous techniques.  As NRA does not require 
a grazing angle for analysis, it can penetrate further into the sample compared to ERDA.  It can also 





Figure ‎3.6.  Schematic representation of nuclear reaction analysis (NRA) mechanism and geometry 
 
d. Beam Damage 
Although not intentionally destructive techniques, it can be seen from the previous two sections that 
both ERDA and NRA cause atoms to be scattered from the sample.  Although RBS does not detect forward 
scattered atoms, it uses a similar experimental set-up and beam to RBS, hence will still forward scatter.  
Loss of atoms from the material by this route is termed beam damage.  Beam damage from helium ion 
beams has been reported for both Si and Cu substrates,126 polyimide films127 and polystyrene.128  4He+ 
beam damage has not been studied in PVA films, however its effects on PVA electrospun fibres has.  It was 
found that upon irradiation with a 4He+ beam the elastic modulus of the polymer was degraded by 
63%.129  These findings suggest that beam damage is likely to be relatively significant in PVA films also.  
An extensive review of beam damage in IBA is given in the Spirit Handbook.130 
Figure ‎3.7. displays the ERDA scattering data from a 30 w% d5-glycerol PVA thin film analysed with a 
1.5 MeV 4He+ beam.  In order to demonstrate the destructive effect of prolonged sample irradiation with 
an ion beam, ten separate, sequential 1 μC scans were performed on the same location of the film.  The 
peak at ~1.2 MeV is representative of forward scattered hydrogen, and the peak at ~1.7 MeV of 
deuterium.  As can be seen, as the cumulative charge increases, the counts per channel for each element 
decrease.  This is especially visible in the back edge of the H-scattering at 1.0-1.2 MeV, this shift of the 
data indicates a decrease in film thickness with prolonged analysis, showing the destructive power of the 
ion beam for plasticised PVA films.  To establish a suitable charge to analyse future samples with, the 
counts for both H and D were summed and plotted against the cumulative charge (Figure ‎3.8.).  A decay of 
H and D concentration (counts per channel) within the film is shown with increasing irradiation.  This 
decrease is a function of there being more polymer for the beam to interact with initially, hence the 
concentration of each element detected is high.  Once damage has commenced and progresses, there is 
less polymer and glycerol to scatter H and D from, hence the concentration, and counts per channel 
decrease.  It was deemed from this experiment that 2 μC of charge would provide data of good statistical 
quality without causing significant damage to thin polymer films, hence 2 µC is used for most analysis 
throughout this work.   
If data of insufficient statistical quality is acquired with 2 µC however, it is possible to improve it 
without additional sample damage.  The detected scattering from several locations on a single film can be 
summed in a single measurement.  To do this a 2 μC scan is taken at a single location on the film, the 
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analysis is paused and the sample is moved in the z-direction (vertically), then without resetting the 
profile as if a new samples was being studied, another 2 μC is taken and the data simply continues to 
collect as if a 4 µC scan had been performed.  This process can be repeated until the data is of satisfactory 
quality, or there is no further room for analysis on an undamaged portion of the sample.  As a typical 
sample is approximately 3 x 3 cm, and the beam damage profile caused by the 4He+ beam is generally 2.0 
cm in length and 0.5 cm in height at incident angles of 70-88°, around 6 experiments can have their 
counts ‘stacked’ on a single film. 
 
 
Figure ‎3.7.  ERDA beam damage experiment, 10 x 1 μC sequential scans performed on the same area of a 
30 w% d5-glycerol plasticised PVA film. 
 
 
Figure ‎3.8.  Sum of the total counts per channel from both H and D scattering (taken from Figure ‎3.7.), 





 Neutron Reflectometry 3.2.2.
Vertical concentration profiles of components within the spin-cast films were also determined by 
neutron reflectometry (NR) using the SURF and INTER reflectometers at the Science and Technology 
Facilities Council (STFC) facility ISIS.  This technique provides significantly better depth resolution (~0.5 
nm)131 compared to IBA, as well as the ability to study samples under atmospheric conditions as the 
technique does not require a vacuum to operate.  In general, neutron reflectivity data is given in the form 
of the scattering vector Q (Å-1) versus reflectivity (R).  The magnitude of the scattering vector is the 
modulus of the resultant scattering between the incident and scattered wave-vectors.  These values can 
be described with a scattering triangle (Figure ‎3.9.), where the scattering vector is given by Q = k – k’.  
Scattering here is elastic and energy is conserved throughout interaction with the sample, hence k = k’.  
Reflectivity is given by calculating the number of neutrons reflected at a given scattering vector over the 
number of incident neutrons, giving a measure of depth. 
 
 
Figure ‎3.9.  Scattering triangles for elastic scattering where the incident neutron neither gains nor loses 
energy 
As the angle between the incident beam and the sample (incidence angle) is generally fixed at a 
defined angle, typically in the range 0.3-1.5°, to perform neutron reflectometry over a significant Q range 
the wavelength of the incident neutron beam is varied.  NR is a specular technique, therefore the 
scattering vector only has a z-component (perpendicular to the sample normal) so is renamed Qz.  This 
parameter describes the momentum transfer after reflection from a sample has occurred;   
𝑄𝑧 = 4𝜋 𝑠𝑖𝑛
𝜃
𝜆
   
Equation 27 
where λ is the neutron wavelength and θ is the angle of incidence.  By substituting Bragg’s law of 
diffraction; 
𝑛𝜆 = 2𝑑 𝑠𝑖𝑛𝜃 
Equation 28 








where d is a distance.  Using these considerations, if there are multiple scattering planes parallel to a 
surface present within a material, a Bragg peak within the data can be used to study the distance between 
each scattering plane.  This is termed Bragg scattering and is used to provide key length scales and 
distances/separations which have been utilised to define; surfactant nanostructure,132 block co-polymer 
distribution133 and degree of cross-linking.134 
Specular reflectometry concerns neutron scattering where the angle of incidence is equal to the 
angle between the reflected beam and sample (angle of reflection).  The use of specular reflection at very 
small angle of incidence which are close to the critical angle (where neutrons are totally reflected from a 
smooth surface, usually < 1°) allows probing of structures larger than the atomic dimensions associated 
with other neutron scattering techniques.  It does this by being extra sensitive to differences in refractive 
index (RI) between interfaces as it traverses the material.  Neutron RI is directly related to the scattering 
length density of a material so can be used to provide information about the composition of interfaces and 
surfaces.  To define the interaction of a neutron beam with a thin polymer film and how scattering length 
density is used to probe structure the schematic in Figure ‎3.10. is presented. 
 
 
Figure ‎3.10.  Example of neutron reflection and refraction by a thin film of thickness d and refractive 
index n1, between two regions of refractive index n0 and n2, representing a thin polymer film on a silicon 
substrate. 
 
Note that for neutrons n is always close to 1 and θ0 ≈  θ1 ≈ θ2 The refractive index of the polymer film 








where k1 and k0 are the neutron wavevectors either side of the interface.  The refractive index for 
neutrons is commonly written as; 





where δ is the scattering length density (SLD) and λ is the neutron wavelength.  As in most cases n < 1, 
neutrons are externally reflected by most materials.  The SLD (δ) is defined as a measure of the scattering 
power of a material and is calculated using the following expression; 





where ni is number of atoms in molecule i, bi is scattering length of nucleus i, ρ is bulk density of the 
scattering body, Mw is molecular weight and NA is Avogadro constant.  When calculating SLD for polymers, 
it is necessary to calculate SLD for one repeat unit.  Using these expressions and the bound coherent 
scattering lengths for 1H (-3.74 ×10-15 m) and D (6.67 ×10-15 m),135 it is clear to see how using deuterium 
labelling can create a contrast in SLD which causes an easily detectable change in refractive index within 
the sample.  To probe changes in RI below the surface refraction must occur, hence to calculate the angle 


















When θ < θc total external reflection occurs and reflectivity R = 1 (Figure ‎3.10.).  For θ > θc Fresnel’s Law 
applies to determine the reflectivity; 
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𝑅 = |𝑟|2 = |
𝑛0 sin 𝜃0 − 𝑛1 sin 𝜃1
𝑛0 sin 𝜃0 + 𝑛1 sin 𝜃1
| 
Equation 36 
this expression is then extended when a film of multiple layers and interfaces is analysed to provide 
reflectivity and thickness measurements for each specific layer, further information on this is provided by 
Zhou and Chen.114 
Sample preparation was similar to that for IBA experiments, except that the films were somewhat 
thinner (~70 nm) to maximize the sensitivity of the measurement to changes in film thickness from the 
Kiessig fringes in the reflectivity profiles (Figure ‎3.11.).  NR also provides a direct measure of film surface 
roughness, something that must be implemented in to the fits with IBA.  R(Q) was measured from before 
the critical edge (Q ≈ 0.01 Å−1) to the point at which the signal is indistinguishable from the background 
(Q ≈ 0.25 Å−1). On the SURF reflectometer this measurement required three angles of incidence (Φ = 0.25, 
0.65, 1.5) and approximately 2 hours of acquisition time per sample to obtain data of sufficient statistical 
quality over the entire Q range. The latter factor imposes a requirement that films must be stable for at 
least several hours, as any alteration in film thickness during measurements would make accurate 
interpretation of the data impossible.  Neutron experiments carried out on the INTER reflectometer have 
a reduced acquisition time (~1 hour, 15 minutes) compared to SURF as the newer target station 2 (TS2) 
beamline at ISIS is much more efficient than the older TS1.  To maximise the number of samples studied 
in a 24 hour period, and to avoid a sample change-over every 1.25 hours, generally 4 samples were 
analysed in series using an automated sample changing stage.  Although experiments on each 
reflectometer have different times of acquisition the results achieved should not differ as both 
instruments offer the same spatial resolution.  Raw data were rebinned into increments of δQ/Q of 0.015, 
this step was necessary to minimise statistical noise in the data while preserving the experimental 




















Figure ‎3.11.  Calculated reflectivity profiles for a silicon substrate (solid, blue), a smooth 35 nm PVA film 
on a silicon substrate (solid, red) a smooth 70 nm PVA film on a silicon substrate (solid, black) produced 
with MotoFit (resolution δQ/Q = 4%, background = 1 x10-6) 
 
3.3. Fitting Software 
Without the use of computer software to analyse the data produced via IBA and NR accurate 
interpretation of results would be impossible.  The software used in these circumstances is however not 
completely automated; comprehensive knowledge of the elements within the samples and the structures 
they are likely to form is required in order to apply a preliminary ‘simulation’, hence the need for well-
defined model systems.  This simulation is a predicted depth profile for the sample, from which the 
software will vary the input thickness and concentration (IBA) or SLD (NR) to produce a fit to the data 
with the least 2.  More information on how the utilised software performs this process and converts the 
output in to a concentration profile is given below.  
 
 DataFurnace 3.3.1.
All ion beam analysis data were analysed with the Surrey University DataFurnace136 software 
(WiNDF v9.3.68, running NDF v9.6a) to determine the concentration versus depth profiles.  Several files 
are required to perform a fit; a structure, geometry and simulation file must all be constructed in order 
for the software to function.  The geometry file defines the experimental set-up, including the branch of 
IBA, energy of the incident beam, scattering geometry, as well as other calibration parameters.  




using the scattering cross sections of Möller and Besenbacher.137  The structure file contains the ‘logical 
elements’ present within the sample.  The logical elements are the constituent compounds that make up 
the sample, within this file their density in gcm-3 is defined, as well as the depth range in which they are 
permitted to reside.  All compounds must be defined within the structure file or they cannot exist within 
the simulation.  The output of DataFurnace is a composition versus atomic percentage profile where each 
molecule defined in the structure is presented as an atom, having the average composition of the 
molecule, (e.g. water, H2O is represented in the output as atoms of H0.667 O0.313.  Densities of compounds 
used within this project are given in Table ‎3.1.  The simulation file contains a predicted concentration 
versus depth profile which is used as a basis to perform analysis from.  There are two primary methods 
for producing a fit from these files, layer fit and functional fit. 
The layer fitting methodology requires the sample concentration profile to be segregated in to layers.  
Each layer is given a thickness and starting concentration of each logical element within it.  To avoid over-
parameterisation, model composition profiles were restricted to either two or three layers, the minimum 
number of layers required to accurately fit the data.  The thickness and composition of these layers is then 
allowed to vary to obtain the best possible fit to the experimental data, a confidence limit of 0.025 is 
generally set within DataFurnace, ensuring each fit has a χ2 of < 0.25.  Where a satisfactory fit cannot be 
achieved because of the tailing off of the data (diffuse edge), roughness considerations can be 
implemented to accommodate for this.  An example of IBA data where this is the case is given in 4.2.  
DataFurnace provides five roughness models, but only the first is used in this project.  Where roughness 
is caused by the inhomogeneity in a layer’s thickness and assuming the previous layer does not affect the 
thickness of the following one, the roughness contributions of each layer (δXi) can be used to calculate a 
total roughness contribution (ΔXinh).  Total roughness at the interface between the nth layer and the 
following one is given by; 







the δXi for each layer is taken as the standard deviation of the layer thickness, a value which is input by 
the user.  The corresponding energy resolution is added to the energy resolution at the interface between 
layer i and the next one, in order to cause a blurring of the boundaries between each layer. 
If the inclusion of a roughness parameter does not yield a satisfactory fit other methods can be 
employed.  When distribution of a compound within a sample is not segregated in to layers, but shows a 
gradual increase/decrease, a functional fit can be used to describe the distribution with more accuracy.  
In comparison to the layer fit which varies the concentration and thickness of a set number of layers, the 
functional fit uses a given equation, in this case an exponential, and varies the parameters of said equation 
to achieve the best fit.  This work concerns surface active compounds whose concentration profile decays 
with increasing depth, hence Equation 38 is appropriate; 
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where 𝜙𝑠 is concentration of component at the surface, 𝜙𝑏 is concentration of component in the bulk and 
λ is the decay length of excess.  Performing a functional fit in DataFurnace is not without its 
disadvantages, although in principle the function should be capable of describing a surface excess.  When 
implementing functional forms for ϕ(z) the fit can become unstable and additional layers can be added to 
the produced depth profile without the user’s control, this feature is however a relatively new addition to 
DataFurnace and is still under development.  Therefore functional fitting is best suited to samples which 
exhibit lack of a thick, segregated surface excess and contain an exponential decay of detected counts with 
increasing depth.  In most cases an exponential decay does not accompany a thick surface excess as if a 
pure layer is forming on the surface of thin films then there is a strong impetus for segregation within the 
film, so a gradually changing concentration is unlikely.  This fitting methodology is utilised in 5.1.3. 
 
 IGOR & MotoFit 3.3.2.
All neutron reflectometry data were analysed with the fitting package Motofit, supported by IGOR Pro 
(v6.37).  Similarly to DataFurnace, MotoFit normally uses a series of layers with a pre-defined thickness 
and SLD, it also requires a predicted depth profile to be established prior to fitting.  Once the simulation is 
within a reasonable degree of agreement with the data fitting can proceed, the SLD, thickness and 
roughness of each layer is optimised to produce the best fit.  MotoFit offers a larger degree of 
customisability when fitting compared to DataFurnace, where any setting within any layer can be omitted 
from the fitting procedure.  For example as each sample is formed on a silicon substrate, the SLD of which 
is 2.07×10-6 Å-2, a thick layer of silicon is added to the base of each fit where the thickness and SLD is not 
permitted to vary.  Exposed silicon wafers will also have a native oxide layer which has a SLD of 4.18×10-6 
Å-2 and typical thickness of < 3.5 nm, so in this case the SLD of this layer can be fixed, as it is known, and 
the thickness is allowed to vary with the fit.   This silica layer is consistent with results that have been 
inferred from previous experiments on silicon substrates.138-140  The remaining scattering length densities 
of the organic components present in the films were calculated using Equation 32. 
Densities for most compounds studied were obtained from the literature; however for some of the 
more exotic deuterated surfactants, there exists no literature value for density.  In these cases the density 
for the hydrogenous surfactant was scaled by the ratio of deuterated to hydrogenous molecular weight, 







where 𝜌𝐷 is density of deuterated compound, 𝜌𝐻 is density of hydrogenous compound, 𝑀𝑊
𝐷  is molar mass 
of deuterated compound and 𝑀𝑊
𝐻  is molar mass of hydrogenous compound.  Table ‎3.1. lists the calculated 
densities, molecular weights, ∑i nibi and SLDs for all compounds used in this study.  The density of the PVA 
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resin primarily used in this study is 87-89%, as crystallinity is shown to be reduced with lower DH resins, 
its density is estimated to be ~1.19 gcm-3.39-40 
 
Table ‎3.1.  Coherent scattering lengths used to calculate ∑i nibi were obtained from the National Institute 
of Science and Technology (NIST) database,135 *deuterated density calculated using Mw ratio (Equation 
39) as no literature value was available 
Component Density/ gcm-3 Mw/ gmol-1 ∑i nibi/ 10-4 Å SLD/ 10-6 Å-2 
PVA 1.19141 44.05 0.41 0.72 
H2O 1.00 18.02 -0.17 -0.56 
D2O 1.11 20.03 1.91 6.39 
Si 2.33142 28.09 0.42 2.07 
SiO2 2.65143 60.08 1.58 4.18 
Glycerol 1.2670 92.09 0.74 0.61 
d5-glycerol 1.33144 97.12 5.95 4.91 
C12E4 0.95 362.54 0.48 0.08 
d25-C12E4 1.02 387.70 26.5 4.18 
C12E5 0.96145 406.60 0.89 0.13 
d25-C12E5 1.02* 431.75 26.9 3.84 
C12E6 0.98 450.65 1.31 0.17 
d25-C12E6 1.03 475.80 27.3 3.56 
SDS 1.01146 288.38 1.59 0.36 
d25-SDS 1.10* 431.75 27.6 5.83 
 
As can be seen in Table ‎3.1., deuteration of components provides a significant increase in SLD, by at 
least 3×10-6 Å-2.  Therefore by labelling only one species within a sample the SLD profile obtained from the 
scattering data provides a comprehensive description of the labelled compounds distribution within the 
sample.  Slight issues arise when considering SiO2 at the substrate interface however as SiO2 has a similar 
SLD to the deuterated compounds.  A previously stated a layer of 1-3.5 nm of SiO2 generally resides on 
each of the substrate silicon wafers which can make determining exact concentrations of the deuterated 
compounds at the silicon interface difficult.  Fortunately the labelled components within this study do not 
appear to exhibit substrate segregation when analysed with NR.  Fitting in MotoFit produces a SLD versus 
depth profile, which must be exported and converted to a concentration (at. %) to enable comparison to 
IBA data.  This is done by subtracting the background SLD of each hydrogenous compound within the 
sample, and dividing by SLD of the deuterated compound being observed;  For example when considering 
a three component film containing a deuterated component (x), hydrogenous plasticiser (y) and 
hydrogenous PVA (z); 
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[𝑥] =  




where 𝛿 is the calculated SLD obtained from MotoFit, 𝛿𝑥 is SLD of deuterated compound, [𝑥] is 
concentration of deuterated compound (at. %), 𝛿𝑦, 𝛿𝑧 are SLDs of hydrogenous components and 
[𝑥], [𝑦] are concentrations of hydrogenous components (w%).  An example calculation for a deuterated 
SDS plasticised film is given below, taken from the 20% d25-SDS, 20% h-glycerol data in Figure ‎6.14.  The 
first layer from this sample has a calculated SLD of 5.75 which gives [d25-SDS] = 5.75 – [(0.2 x 0.61) – (0.6 
x 0.72)]/5.83 = 0.89, or 89%, signifying an almost pure layer of d25-SDS at the depth which the SLD was 
detected.  The fitted parameters for each neutron experiment can be found in the Supporting 
Information ‎12.2. 
 
3.4. Additional Techniques 
Although scattering techniques comprise the bulk of analysis done throughout this project several 
other techniques have been employed in an effort to support IBA/NR findings.   
 
 Ellipsometry 3.4.1.
Ellipsometry was used to study thin film thickness for spin-cast samples.  The Sentech® SE 500 
ellipsometer uses specular reflection of polarised light to detect changes in polarisation after interacting 
with a sample, compared to a model that the user has input.  If there is excessive disagreement between 
the model and the sample, accurate readings cannot be obtained.  Therefore the properties of the film 
(refractive index, approximated thickness) must be known prior to analysis.  The refractive index (RI) of 
PVA has been shown to decrease with increasing wavelength (λ),147 reaching a plateau of 1.5 above 600 
nm.  The ellipsometer uses a He-Ne laser, which gives a wavelength of 632.8 nm,148 therefore 1.5 was 
used as the RI for PVA in the ellipsometry model.  Prior to precise measurement by ellipsometry 
approximate film thickness can either be estimated by observing the colour of the film, with dark blue 
films being < 100 nm, light blue 100-200 nm and yellow > 200 nm, or studied using a film thickness probe 
(FTP) in conjunction with the ellipsometer.  The SE 500 is designed to study films of < 25 μm, and will 
struggle with films of greater thickness, as well as films < 200 nm thick. 
 
 Atomic Force Microscopy (AFM) 3.4.2.
The surfaces of thin polymer films have been widely studied using AFM,149-150 allowing not only a 
detailed image of the surface to be obtained, but also providing mechanical characterisation of properties 
such as adhesion.  A Bruker MM8 AFM capable of scanning areas of 15 x 15 μm, was used for all samples 
in this study.  Figure ‎3.12. displays a schematic representation of the general AFM set-up.  In order to 
detect surface features of the films a silicon probe (or cantilever) is used to tap the surface of the film and 
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create an image.  Bruker ScanAsyst-Air silicon tip on nitride lever cantilevers were used which had a tip 
length and width of 115 µm and 25 µm respectively, as well as a spring constant of < 0.4 Nm-1.  The 
effective radius of a probe tip is usually <10 nm, which defines the lateral resolution limit.  Vertical 
resolution is affected by building vibration and thermal noise, but is ~0.3 nm.  The advantage of the 
Bruker system is that it allows intermittent contact of the probe with the surface by moving of the sample 
relative to the probe, compared with older systems where the probe is dragged across a stationary 
surface.  Movement of the sample is controlled by an attached piezoelectric scanner.  A piezoelectric 
material contracts and expands proportionally in response to an applied voltage, the polarity of the 
voltage is what dictates whether the material expands or contracts.  These scanners are used in atomic 
force microscopy as full 3-dimensional control is needed when examining the surface.  The split 
photodiode detector in Figure ‎3.12. measures cantilever deflection via the difference in the laser position 
from the resting position of the probe to when it is affected by the sample.  The optical arrangement of the 
laser and cantilever greatly amplifies the deflection of the cantilever, this is necessary as cantilever 
deflection is generally on the vertical order of < 100 nm.  It therefore requires two very closely spaced 
photodiodes with the separate output signals collected and correlated by a differential amplifier.  This 
amplifies the difference between the two voltages but does not increase the value of the particular 
voltages, hence allowing very sensitive detection of cantilever movement. 
 
 
Figure ‎3.12.  Schematic representation of AFM sample set-up including xyz piezoelectric scanner 
 
In order to obtain mechanical data from the sample a force distance curve (Figure ‎3.13.) is taken each 
time the probe contacts the sample.  The force-distance curve provides a simplified descriptor of the force 
exerted on the probe during analysis and can be analysed to measure the deformation of the sample, from 
which other surface properties can be determined (see schematic, Figure ‎3.13.).  Starting at the largest 
piezo z-position (furthest away from the sample), as the z-position decreases and the probe approaches 
the sample (red arrow) there is no force (0 nN), attractive or repulsive on the probe until it is within 
sufficient distance of the sample.  The point denoted by the sharp increase in attractive force is present as 
the probe ‘snaps on’ to the surface due to attractive forces between the probe and sample.  After this point 
sample continues to be pushed further in to the probe and the cantilever begins to deflect, causing an 
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increase in the repulsive force.  After the probe has reached a maximum deflection the sample is retracted 
(blue arrow), as the sample is pulled away from the probe it does not detach at the same point at which it 
contacted it.  Instead additional force must be applied in order to fully remove the probe from the sample.  
This additional force is termed the tip-sample adhesion force and from this an adhesion map of the 
sample is formulated.  As this must be done for every point on a scan the desired resolution of the image 
or ‘samples per line’ as it is termed in AFM can largely affect acquisition time for a single plot.  Generally 
512 samples per line were used to collect good quality images and hence a single plot could take up to 10 
minutes to complete.  Other measurements such as contact mode are faster (2-3 lines/second), but the 
advantage of Bruker’s PeakForce mode is that gains are automated, reducing the difficulty of capturing an 
image.  The raw data of each image is ‘flattened’ using NanoScope Analysis (v 1.1.) to remove the natural 
curvature of height caused as the sample is rastered in respect to the cantilever.  Additional information 
can also be obtained from the lateral movement of the probe in AFM, by sliding the probe along a flat 
surface and monitoring lateral force variations molecular migration on the single molecules scale can be 
achieved,151-152 this is termed friction force microscopy (FFM). 
 
 
Figure ‎3.13.  Force-distance curve showing adhesion force of the cantilever as it is retracted from the 
sample in QNM mode. 
 
The NanoScope Analysis software provides a number of features to give quantitative values for 
surface properties, as smooth scattering surfaces and the evolution of surface features on thin films are of 
interest here it was used to provide a measure of surface roughness.  Average roughness (Ra) is the 
simplest parameter to obtain which quantifies surface roughness.  It is derived by calculating an 
arithmetic average of the absolute values of the surface height deviations measured from the mean plane 











where L is the evaluation length and Z(x) is the profile height function analysed in terms of height (Z) and 
position (x).  Although this parameter is easily obtained, it has certain limitations.  As it is simply a mean 
absolute profile of the surface height it cannot distinguish between a film that is ‘peaked’ and a film that is 
‘troughed’, for example the two films (1 and 2) shown in Figure ‎3.14. would exhibit identical Ra as the 
differentiation from mean height is the same for both, although the surface structures are very different.  
Where Ra is most useful is the determination of whether a surface has become more or less rough 
compared to a previous sample, for example film 3 in Figure ‎3.14. would exhibit a mean value for surface 
height (mean line) similar to what was seen for film 1 as both the peaks and troughs have increased by a 
similar intensity, but its Ra would show an increase as the deviation from this mean has increased.  
 
 
Figure ‎3.14.  Schematic representation of average roughness (Ra) limitations and advantages 
 
Efforts have been made to improve the reliability of this parameter; hence root mean square (RMS) 
roughness (Rq) was formulated.  RMS roughness has proven adept at detecting self-assembly of 
molecules,153 hence should be useful in determining the nature of compounds at the surfaces of the thin 
films studied here.  The only difference when calculating Rq compared to Ra is that the amplitude of each 









making the parameter more sensitive to larger deviations from the mean line.  This means that Rq values 
will be higher than Ra values, represented in Figure ‎3.15., it is also the measure of roughness which NR is 
sensitive to, which is useful for comparison between measurement techniques.  Therefore as standard Rq 
values will be used to discuss changes in roughness for the thin PVA films studied.  Another useful 
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parameter is kurtosis, this describes the ‘peakedness’ of the data, i.e. a large kurtosis would indicate a 
small number of very intense features (platykurtoic), compared to a lower or negative kurtosis, which 
would suggest a greater number of more moderate height features (leptokurtic).154  Kurtosis can 
therefore be used to differentiate between surfaces which have different shapes, but the same Ra value. 
 
 
Figure ‎3.15.  Schematic representation of average roughness (Ra) and root means square roughness (Rq) 
 
 Fourier Transform Infra-Red (FTIR) Spectroscopy 3.4.3.
A PerkinElmer Spectrum Two FTIR spectrometer was used to study changes in the absorption spectra 
for both liquid and solid samples.  In its most simple form, IR spectroscopy involves shining a 
monochromatic light at a sample and measuring the amount of light absorbed.  This is done for multiple 
wavelengths and a spectrum is produced.  Understandably this process requires significant acquisition 
time to cover the conventional wavenumber range of 400-4000 cm-1.  In order to reduce this time and 
improve the signal-to-noise ratio associated with each spectrum FTIR was developed.  FTIR works by 
shining a light source containing multiple wavelengths of light at once and through a Fourier transform 
works backwards to separate each wavelength and produce a spectrum.  To study H-bonding in liquid 
samples via FTIR (‎7.1.) a single reflection ATR accessory is used with the spectrometer.  The accessory 
has a horizontal plate and screw down clamp to ensure good contact of the sample with the ATR crystal.  
The use of an ATR diamond crystal allows focusing of the light beam and intensifies the absorbed signals.  
Initial solutions were made by mixing distilled water with glycerol (≥ 99%, Aldrich) to achieve solutions 
of 0-100 w% glycerol content, with increments of 10 w% glycerol.  Approximately 5 g of each solution 
was made and allowed to stir overnight in a sealed sample vial.  Each solution was then analysed, where a 
background scan and 8 analysis scans of each sample were collated to give the final spectra.  To probe the 
effects of additives such as C12E5 and PVA, 10 w% of each was added to the glycerol-water solutions and 
allowed to stir overnight.  After which solutions were analysed in the same way as the binary systems. 
For the study of 76 µm commercial films the use of an ATR attachment is not ideal.  A depth 
penetration of approximately 2 μm is achieved with this set-up, so only the near-surface regions of the 
polymer can be probed.  In order to study the entire thickness of the film the FTIR was used in 
transmission geometry.  This involves the film being suspended in the beam by a makeshift FTIR 
attachment, created using a single piece of cardboard cut to the necessary dimensions, with a hole to 
allow the beam to pass through.  The film was attached via double-sided adhesive tape, placed into the 















4. Plasticiser Evaporation & Absorption 
 
4.1. Volatility of Low Molecular Weight Components 
It is well understood that plasticisers are mobile molecules added to a polymer matrix.  This mobility 
can lead to significant problems when specific mechanical properties, defined by plasticiser 
concentration, are required for a polymer to perform its task.  As it means the plasticiser is normally 
capable of escaping the polymer matrix by a number of routes.  In this chapter, for the first time, glycerol 
migration and loss to the environment in thin PVA films is studied, employing ellipsometry, IBA and NR 
techniques to do so.  In an effort to understand the migration and segregation of compounds such as 
plasticisers in PVA films, vertical concentration profiles, which give information on the positioning of a 
labelled component throughout the entire depth of the film are obtained.  In order to achieve these using 
scattering techniques, samples of sufficient quality are needed, usually acquired by spin-coating polymer 
films from solution.   
Initial polymer films were produced via spin coating an aqueous solution of 4 %(w/v) PVA (Sigma-
Aldrich 341584, Mw = 89–98 kgmol-1, DH = 99+%) on to a cleaned silicon wafer, the thickness of these 
films was then measured with ellipsometry.  Film thickness was measured over the course of several days 
and it was found that the thickness of pure PVA films remained stable under atmospheric conditions, as a 
solid polymer film containing no additives would be expected to (Figure ‎4.1., solid squares, black).  Any 
variation in the pure PVA film thickness over the course of the experiment can be accounted for by 
experimental error in the ellipsometer readings, or perhaps a change in temperature/humidity which has 
caused the film to swell/shrink slightly.  It was not until the plasticiser glycerol was introduced to the 
system that a systematic decrease in Th was recorded. 
Figure ‎4.1. shows how films of varying degree of plasticisation decrease in thickness over time when 
left to dry under atmospheric conditions.  Three measurements were taken on each thin film and the 
results averaged.  A few notable trends occur, with increasing plasticiser concentration, initial film 
thickness (Th0) decreases.  This is due to the presence of less polymer in the final solution as it becomes 
more dilute with increased plasticiser concentration, as well as the reduced viscosity of dilute solutions, 
which will contribute to production of thinner, spin-cast films.  It also appears that the time taken to 
reach equilibrium is affected by the starting concentration of plasticiser, with higher concentrations 
requiring more equilibration time.  This suggests glycerol leaves the polymer matrix at a fixed rate, 
independent of starting thickness and solvent volume.  Films of 5 and 10 w% glycerol appear to reach 
equilibrium after 3 days, 15 and 20 w% taking 5 days and 30 w% reaching equilibrium after 
approximately a week.  Equilibrium film thickness (ThE) was calculated by taking an average of the last 
three data points, which in turn allowed calculation of a percentage reduction in film thickness for each 
glycerol concentration.  Plotting glycerol concentration against Th0/ThE gives an extremely well 
correlated plot (Figure ‎4.2.), signifying that if more glycerol is present in the film upon formation, a 
greater decrease in film thickness will be observed.  This correlation implies that the reduction in film 
thickness over the course of the experiment is caused by glycerol evaporating from the film.  If loss of the 
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plasticiser is the sole cause of the reduction in film thickness then it can also be gauged from these results 
that a thin (< 200 nm) PVA film retains 2-5 w% of plasticiser under ambient conditions (room 
temperature and pressure - RTP) once equilibrium or steady state thickness has been reached.  This is 
very different to what is found industrially, where stable films are achieved with plasticiser 
concentrations over 20 w%.155  However the macroscopic surface area to relatively small film thickness 
would cause plasticiser to be lost more noticeably.  It is also possible that as glycerol is slightly more 
dense (1.26 gcm-3) compared to PVA (1.19 gcm-3), it accounts for less than its weight percent as a 
thickness percent.  This would mean that the equilibrium is reached when all glycerol is lost, rather than a 
small amount being retained by the polymer. 
 
Figure ‎4.1. Thickness measurements taken over the course of 9 days on thin PVA films containing varying 
concentrations (w/w %) of glycerol. 
 
Table ‎4.1.  Thickness values for thin spin cast films containing varying amounts of plasticiser at both their 
starting thickness and equilibrium thickness. 
Glycerol 
Conc./ % 
Th0/ nm ThE/ nm Th0/ThE/ % 
Glycerol 
Remaining/ % 
0 207.7 208.1 -0.2 - 
5 215.6 208.2 3.4 1.6 
10 178.9 165.4 7.5 2.5 
15 181.0 159.7 11.8 3.2 
20 176.7 149.5 15.4 4.6 
47 
 




Figure ‎4.2.  Correlation between the atomic percentage of plasticiser in each film and the fractional 
decrease in thickness from sample preparation to equilibrium 
 
The decrease in film thickness is better depicted by normalising each film to its starting thickness, 
therefore removing the discrepancies between starting film thickness (Figure ‎4.3.).  It is also easier to 
visualise the rate at which equilibrium is reached in these samples.  A mastercurve of offset data can then 
be produced by taking the maximum glycerol concentration (30 w%) and scaling each data set to this.  
For instance, the 20 w% data starts at the point where the 30 w% film has lost 10% of its mass, hence has 
a normalised thickness of 0.9.  The 15 w% data starts at 0.85, the value expected after the 30 w% film had 
lost half of its glycerol, and the trend continues in this manner.  The agreement between all curves shows 
that the composition profile of glycerol in a 30 w% film after it has lost half of its glycerol is the same as 
the starting composition of a film 15 w% film.  This implies a consistent rate of plasticiser loss regardless 
of initial concentration, showing that evaporation rate is the rate limiting factor when concerning 








Figure ‎4.4.  Mastercurve of offset data for varying concentrations of glycerol in thin PVA films. 
 
The influence of PVA resin degree of hydrolysis on glycerol loss was explored by repeating similar 
experiments using Sigma-Aldrich P8136 (Mw = 30–70 kgmol-1, DH = 87–90%).  The lower DH and 
molecular weight bring the physical properties of the polymer more in-line with those used in industry, 
where lower DH polymers are chosen for their reduced crystallinity and increased flexibility/solubility.156  
From this point on in the study this partially hydrolysed PVA resin is used to conduct all experiments.  A 
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mastercurve was produced in the same way as before and when comparing it to that of the higher DH 
resin it can be seen that the new resin loses plasticiser quicker, reaching equilibrium at approximately 5 
days as opposed to 10-12 days (Figure ‎4.5.).   
Fitting of the mastercurves was achieved using an exponential function to describe the decay of film 
thickness with increasing time; 






where t is the time in days, a0 is the maximum normalised thickness (1), a∞ is the minimum normalised 
thickness and t½ is the half-life.  Fitting the data using this function until the lowest χ2 is reached (0.006 
for 87-89 %DH and 0.013 for the 99+ %DH) gives a half-life (t½) of the plasticiser decay.  The calculated 
half-life for the 87-89 %DH resin is 1.90 days, and for the 99+ %DH resin 2.75 days.  Therefore it can be 
seen that the rate of glycerol loss from a plasticised, high DH PVA film is considerably slower than from a 
low DH film.     
This suggests that the plasticiser is more mobile in the low DH polymer, which may be expected as a 
lower DH PVA has an increased number of acetate groups, lowering the extent of H-bonding between 
polymer chains and reducing crystallinity.  Glycerol also has less affinity for the acetate groups due to 
reduced H-bonding potential, so would migrate with greater ease.  A reduction in crystallinity means that 
the polymer chains are more mobile and can flow more easily; this increased freedom of movement 
within the system will also increase the ability of glycerol to migrate.  Diffusion is also thought to occur 
primarily through the amorphous regions of semi-crystalline polymers,157 hence as the amorphous 
regions are larger for the low DH polymer, diffusion will occur with greater ease.  Increased crystallinity 
in polymer films has been shown to decrease permeability of gas molecules also,158 so it is not unusual 
that glycerol exhibits a similar trend.  It is notable that there is significantly more agreement between the 
data points of the mastercurve for the lower DH resin compared to the higher DH.  This could be a feature 
of the reduced mobility in the 99+% hydrolysed polymer as the limited mobility of the plasticiser may 
cause uneven distribution during drying.  Although suitable film forming conditions have been realised 
via spin coating, the instability of thin PVA films containing additives has also been demonstrated.  To 
investigate glycerol migration patterns further two of the primary techniques used in this project, ion 
beam analysis and neutron reflectometry are employed.  These techniques allow information to be 
obtained on glycerol distribution within a thin film, which could provide an insight into the routes by 





Figure ‎4.5.  Plot of combined mastercurves for Sigma-Aldrich 341584, high DH, 99+% resin (blue) and 
P8136, low DH, 87-89% resin (red), an approximate line of best fit is displayed for each data set.  Fits to 
data achieved with Origin 2015 Sr2, 5th order polynomial. 
 
4.2. Glycerol Distribution in Thin PVA Films 
As discovered in the previous section, if low Mw components such as glycerol are present in thin 
films, they are susceptible to being lost to the environment.  The distribution of these components within 
the polymer film may help to uncover any concentration gradients present and highlight the areas of the 
film where plasticiser is most likely to be lost from.   One such way to achieve this is with IBA.  In order to 
perform IBA a high vacuum is required throughout the system; therefore any volatiles such as the 
plasticiser will be lost at a much quicker rate than they would be under standard conditions (RTP).  To 
combat this and maintain sample structure throughout the experiment, films must be vitrified by 
submerging in liquid nitrogen prior to analysis.  As glycerol contains no elements which distinguish it 
from PVA, a deuterated analogue was used (d5-glycerol, CK Isotopes).  Deuterium labelling allows the ion 
beam to be used in the NRA configuration, which can explicitly probe deuterium distribution within a 
sample via the methods previously described.  Care must be taken not to use a glycerol with deuterated 
hydroxyl groups as to avoid isotope exchange between labile OH and OD groups on the plasticiser, 
polymer and solvent.  This precaution maintains the ability to resolve the small molecules from the 
polymer matrix.  1,1,2,3,3-d5 glycerol was chosen so that only non-labile C−D bonds were deuterated. The 
deuterated plasticiser was added to solution the same way as described earlier.   
A spin-cast film was irradiated with a beam of 0.7 MeV 3He+ ions at 80° to the sample normal and the 
energy spectrum of resulting, backscattered protons analysed.  Figure ‎4.6. displays the concentration 
versus depth profile, raw data and DataFurnace fit (inset) for a thin 87-89% DH PVA film, loaded with 30 
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w% deuterated (d5) glycerol.  The error bars (here and hereafter) are from the Poisson statistics, i.e. the 
square root of absolute counts per channel.  The sharp onset in the spectrum at 12.77 MeV corresponds to 
deuterium found at the surface of the film.  The gradual decline in proton yield (counts per channel) after 
this point is due to the decrease in nuclear reaction scattering cross section as the beam penetrates the 
sample and loses energy.  Due to the inverse kinematics of the nuclear reaction in backscattering 
geometry the protons produced from the surface appear at lower energy in the spectra.159  The depth 
profile shows a flat concentration profile for glycerol within these films, indicating homogeneous 
distribution, which is expected for a sufficiently compatible plasticiser.  The slight discrepancy between 
the fit and the data points at ~13.1 MeV is a feature of sample roughness.  A rough sample effectively 
causes a variance in film thickness, which means incident ions will travel a range of distances before 
encountering the substrate, beyond which there is no deuterium, causing counts to tail off when 
approaching the substrate interface.  A schematic representation of this can be seen in Figure ‎4.7.  The 
even distribution shown by Figure ‎4.6. also indicates that evaporation is slow compared to the rate of 
diffusion in the PVA film as no concentration gradient is visible, hence formation of a plasticiser wetting 
layer is unlikely.   
 
 
Figure ‎4.6.  NRA (proton spectrum) for 30% d5-glycerol in a thin PVA film.  The fitted curve corresponds 





Figure ‎4.7.  Schematic representation of how roughness causes variance in film thickness, reducing counts 
seen at lower energies, hence making the lower energy edge of the data diffuse. 
 
Neutron reflectometry can provide greater insight in to additive segregation as it provides a better 
depth resolution of ~0.5 nm, allows study of samples under atmospheric conditions and also gives a 
direct measurement of roughness, a feature which the films have exhibited.  The specular reflectivity, 
R(Q), was measured from before the critical edge (Q ≈ 0.01 Å−1) to the point at which the signal is 
indistinguishable from the background (Q ≈ 0.25 Å−1).  In order to obtain data of sufficient quality over the 
complete Q range each sample required analysis at three angles of incidence, taking roughly 2 hours to 
complete.  If any change in film thickness was to occur during this time the fringes in the data would 
become washed out and accurate interpretation of the results would be impossible.  Although a definite 
change in film thickness with time was discovered previously, in comparison to the thickness lost at 
equilibrium, the change over the course of a few hours is minimal.  Based on Figure ‎4.5. it can be 
estimated that film thickness loss for a sample with 20 w% glycerol would be ~1% within a 2-6 hour time 
period, and much less for a film containing 10 w% glycerol. It was therefore deemed that the plasticiser 
loss during experimental time (2-6 hours) would be insufficient to cause any alteration to the 
measurement.   
Figure ‎4.8. displays the vertical concentration profile of 10 w% glycerol within a spin-cast PVA film, 
the raw data and fit achieved with MotoFit are shown in the inset.  The error bats arise from the Poisson 
statistics of the raw count rate detected per Q increment.  There is good agreement between the fit and 
the data, producing a flat concentration profile similar to the one seen with IBA.  The initial output from 
MotoFit is given in the form of a SLD profile, which is converted to an atomic percentage by the methods 
discussed in chapter ‎3.3.2.  These results confirm the lack of a wetting layer which would lead to an 
increased glycerol evaporation rate, instead the plasticiser leaves the film at a constant rate whilst 
maintaining even distribution.  This must mean that the rate of evaporation from the surface is slow 
compared to the rate of redistribution within a film of 70 nm. 
The findings so far have indicated that both IBA and NR are suitable techniques to accurately study 
additive distribution in thin PVA films, both under vacuum and ambient conditions.  The agreement 
between the techniques gives confidence in the results gained from IBA, and provides evidence that 
submerging the samples in liquid nitrogen prior to analysis has no significant effects on additive 
distribution.  Going forward IBA is generally used as a preliminary experiment, to probe the distribution 
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of several compounds, and when results indicate interesting behaviour, NR is used to investigate the 
concentration profiles in more detail.  IBA is not without its advantages over NR however, 113 one of 
which is the size of the incident beam.  At incident angles of 70-88° the area on a sample needed for 
analysis is approximately 2.0 cm in length and 0.5 cm in height.  By comparison, an entire 5.5 cm diameter 
block is needed for NR, meaning that analysis on much smaller, less uniform and rougher samples can be 
done with IBA.  This provides an ability to do analysis on samples like the ones described in the following 
section.  IBA is also more sensitive to gradual changes in composition.160 
 
 
Figure ‎4.8.  Neutron reflectometry data and fit (inset) and corresponding composition profile for 10% d5-
glycerol in thin PVA films 
 
4.3. Barrier Transfer Experiments in Commercial PVA Film 
So far plasticiser distribution in thin, spin-cast films has been explored and found to be homogeneous 
regardless of plasticiser concentration or film thickness.  However, it is also of interest in this project to 
understand the distribution of small molecules in much thicker (76 µm) industrial films, therefore some 
efforts have been dedicated to exploring more industrially relevant films.  Plasticiser loss to the 
atmosphere and to contacting solutions for thicker films has been studied by several authors161-163 who 
state that it can take months for plasticiser exudation to be evident, with exudation usually detected by 
presence of an oily film on the surface of the polymer.  Although glycerol evaporation was detected over a 
much shorter timescale in thin films, it is likely that by decreasing film thickness while maintaining a 
macroscopic surface area (3 x 3 cm) to thickness (< 200 nm) ratio an accelerated picture of what 
migration/evaporation trends may be expected in the thicker films is being studied.  Industrial films 
however are not simple binary (PVA, glycerol) mixtures, and contain many other additives which could be 
influential on the rate at which components such as glycerol migrate, therefore attempting to draw a 
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scaling factor from these values to directly compare spin cast films to industrial films may lead to 
inaccurate results.   
It would also be impossible to replicate industrial film composition in spin cast form as some of the 
larger additives such as silica particles would interfere with film forming.  Here we study the ability of 
glycerol to migrate (or absorb) into the polymer rather than out of it.  This is particularly relevant 
concerning liquitabs, as a portion of glycerol is present in the detergent of which the polymer film 
encapsulates.164  This is done to ensure that glycerol does not leach into the detergent, and also to 
replenish any glycerol that is lost to the atmosphere over the product’s lifetime, hence maintaining 
mechanical properties.  If the absorption rate for glycerol into PVA from an area of high concentration is 
significantly quicker than the rate at which it is lost then it would be unlikely that depletion of glycerol 
within the film would cause product failure.  To study industrially relevant migration a roll of film was 
supplied by P&G Belgium (MonoSol, M8630), from which samples were cut and analysed with IBA.  As the 
industrial film curls due to the stresses applied when packing and rolling they cannot conveniently be 
analysed by IBA without some modification.  The migration study was scheduled to monitor glycerol 
migration over the course of a week so prepared films had to be stable for a significant amount of time.  
To ensure flat, stable films capable of forward scattering; films were attached to a silicon wafer of the 
same size using double sided adhesive tape (Figure ‎4.9.).  The orientation of the films is of importance 
when performing this type of experiment as the MonoSol films have a single side coated with silica 
nanoparticles in order to avoid film cohesion when wound into a roll for transit.  This creates a shiny and 
matt surface to each film, for consumer purposes, but also mechanical advantage, the shiny Si coated side 
is used as the external surface of the product.  Hence migration of molecules from the matt to shiny 
surface is of interest, as the matt is commonly used as the liquid interface in detergent products.  ERDA 
was used over NRA for this experiment as ERDA allows a direct comparison between the amount of 
forward scattered hydrogen and deuterium ions (from d5-glycerol), which enables reliable, quantitative 
data to be obtained.  The data is then converted to a plasticiser concentration depth profile using the 
molecular weights and densities of the compounds present.  
 
 
Figure ‎4.9.  Schematic representation of how flat industrial films were maintained by fixing the PVA in 
place with double sided adhesive tape. 
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ERDA with a 1.5 MeV 4He beam and 5 µm PET range foil can achieve depth penetration of up to 150 
nm; hence any deuterium detected is located in the near-surface region of the 76 μm film, having travelled 
from the underside.  Scattering from the samples after being left under atmospheric conditions for a time 
period of 1-6 hours is displayed in Figure ‎4.10.  Results with energy below ~1.0 MeV are due to forward 
scattered hydrogen, and above representative of deuterium.  Although the film used to create each sample 
is from the same roll, and should therefore exhibit very similar hydrogen scattering profiles, it is difficult 
to ensure each sample is irradiated with the same total integrated beam current (electric charge, µC).  It is 
also very difficult to ensure identical alignment for each sample, which leads to small variations in the 
energy of detected recoils.  Therefore fitting software such as DataFurnace must be used to account for 
this variation.  From first glance however, the general consistency of the hydrogen scattering profile 
between samples can be compared to the clear increase in counts seen with time in the deuterium 
scattering.  This signifies more deuterium has been detected, and hence more glycerol is being detected in 
the near-surface region of the film.  Fitting each dataset with DataFurnace provides accurate 
quantification of deuterium within the sample.  Each ERDA depth profile produced a homogeneous layer 
of glycerol, which increased in concentration with time.  Using these calculated concentrations with time 
the amount of glycerol transfer (δ ) in grams per metre squared per day (gm-2day-1) can be realised; 
𝛿 =
[𝛼]. 𝑀𝑤. 𝜌. 𝜀
[𝛼]. 𝑀𝑤 + [𝛽]. 𝑀𝑤
. 10000 
Equation 44 
where; [𝛼] is concentration of d5-glycerol (at. %), [𝛽] is concentration of PVA (at. %), 𝜌 is average density 
of the sample (gcm-3) and 𝜀 is film thickness (cm).  Plotting these values against the time lapsed in days 
gives a gradient which is equivalent to the amount of glycerol transferred.  Data for 1-6 hours can be seen 
in Figure ‎4.12.  The discrepancy between the fits and collected data <1.0 MeV is perhaps due to the beam 
damage imparted on the sample during analysis, or an imperfect calculation of sample stopping power.  
The ‘kink’ in the fits at ~0.45 MeV is due to a weak resonance in the 1H(4He, 1H)4He scattering, but is not 





Figure ‎4.10.  Barrier transfer ERDA data for migration timescale of 1-6 hours, with a zoomed plot of the 
deuterium resultant scattering shown in the inset. 
 
After obtaining data for samples that had been allowed 1-6 hours to equilibrate, the time period was 
extended to 7 days (Figure ‎4.11.).  The charge variance between samples in this group of experiments was 
much greater than previously, thought to be due to the films exhibiting more defects over the extended 
time period.  Not only does the number of counts vary significantly; there is no particular trend that can 
be seen in the deuterium region at first glance.  Without the variance in charge being accounted for in 
DataFurnace, effective analysis of this data would have proved difficult.  A plot of calculated glycerol 
surface density with time can be seen in Figure ‎4.12., from which the gradient of a linear line of best fit 
can be used to calculate an absorption rate.  The data shows an initial rate of absorption of 30.7 gm-2day-1 
in the first 6 hours, which slows to 2.3 gm-2day-1 thereafter.  If the time period was extended beyond 7 
days it may be expected that the rate of absorption will plateau when a maximum glycerol concentration 
is reached within the film, however the data shows no evidence of this point within the first week.   
The approximate size of a liquitab is 5 x 5 cm, giving a total surface area of ~50 cm2.  Therefore as 1 
gm-2 ≡ 0.1 mgcm-2, it can be said that the amount of glycerol transfer per liquitab per day is 153.5 mg in 
the first 24 hours, and 11.3 mg per day after the initial 24 hour period.  Both values are significant 
quantities of glycerol, more than what could be feasibly lost from an industrial film within the time period 
studied.  Therefore it can be said that as long as there remains enough glycerol in the bulk detergent 
solution, the rate at which it can be absorbed into an industrial PVA film outweighs the rate at which it 
could be lost.  So unless the glycerol in the solution is depleted within the products natural lifetime, de-





Figure ‎4.11.  Barrier transfer ERDA data for migration timescale of 1-7 days, with a zoomed plot of the 
deuterium resultant scattering shown in the inset. 
 
 
Figure ‎4.12.  Near-surface concentration of d5-glycerol accumulated after migration through a 76 μm 
commercial PVA film.   A line of best fit is shown for each dataset, 1-6 hours (black) and 1-7 days (blue) 




Several conclusions can be drawn from the work performed throughout this chapter for thin spin-
cast plasticised PVA films and thicker belt-cast plasticised industrial PVA films.  It has been shown that 
glycerol exhibits homogeneous distribution in spin-cast PVA films, consistent with good suitability to 
plasticise PVA.  It is possible to quantify glycerol evaporation in thin films through ellipsometry 
measurements at room temperature and atmospheric pressure.  For thin films of high DH PVA, the rate of  
glycerol loss appears relatively significant, losing most of its mass and reaching equilibrium after 
approximately 5 days.  Increasing the DH of the polymer causes the evaporation rate to decrease – 
reaching equilibrium at approximately 10 days.  The evaporation rate is however slow compared to the 
redistribution rate of glycerol in PVA as no concentration gradient of the plasticiser was seen with 
scattering techniques.  Evaporative loss of glycerol from PVA is also slow compared to the rate of glycerol 
replenishment from a glycerol source. 
Another major component of detergent formulations, other than glycerol, is surfactants, which are 
also able to migrate into thick PVA films, being found on the surface of liquitabs after prolonged storage.  
Despite this phenomenon, and related observation of ‘blooming’ of fat in chocolate etc., surfactant 
migration and segregation in solid polymer films has received little attention in the literature.  The 





5. Non-ionic Surfactant Segregation in PVA Film 
Non-ionic surfactants make up the bulk of surfactants used in industry, accounting for approximately 
a third of the global surfactant market.  To give an idea of the industrial scale of surfactant usage, the 
surfactant market for personal care alone was estimated at US$6.49 billion in 2016.165  Non-ionics 
generally tend to be long, linear compounds, which exhibit surfactant-like properties due to the presence 
of a long hydrocarbon chain (lipophilic) at one end of the molecule, and a long, oxygen-containing 
(hydrophilic, commonly a polyoxyethylene) chain at the other end.166  The lack of a counter-ion means 
these compounds do not produce ions in aqueous solutions, allowing them to exhibit excellent miscibility 
and good solubility at low temperatures, meaning they can be placed into many commercial products 
with a low risk of phase separation.167  They can be found in cosmetics as oil in water emulsifiers due to 
their generally high HLB,168 or in cleaning products such as those used in hand dishwashing or shampoo 
to boost foaming.169 
As these compounds are not found in the natural environment, when found on the surface of a 
product such a liquitab, they can only be present as a result of migration from within the product to the 
outer surface.  There are two possible sources of surfactant origin, either in the detergent (or ‘juice’, as it 
is called in industry), as a cleaning agent, or from within the films themselves, which are doped with 
surfactant during manufacture.  Regardless of the source of surfactant, their ability to collect in relatively 
high concentrations at interfaces may be a window in to discovering the reasons behind seal failure.  We 
aim to shed light on this subject area, and for the first time investigate what dictates surfactant migration 
tendencies in polymer films.  It has already been shown that IBA and NR are excellent tools for exploring 
the way smaller molecules behave in a larger matrix, therefore scattering techniques will remain at the 
forefront of this investigation.  Some of the work on C12E5 segregation described in this chapter has been 
published in our initial work.170 
 
5.1. Pentaethylene Glycol Monododecylether (C12E5) 
Segregation in Thin PVA Films 
The segregation behaviour of C12E5 in non-plasticised and plasticised PVA films under a variety of 
atmospheric conditions is studied in the following chapter.  Deuteration of compounds has proved a 
successful method to study segregation so far, hence a deuterated analogue (d25-C12E5) prepared by Dr. 
Peixun Li at Rutherford Appleton Labs (RAL) was used in these experiments.  Significant deuteration of 
the surfactant is required in order for it to be detectable in low concentrations by IBA; this can be most 
easily done by Williamson synthesis from a deuterated alkyl bromide.171-172  This produces a surfactant 
with a deuterated alkyl chain and hydrogenous pentaethylene glycol region, having a percentage 
deuteration of > 50%.  Distribution of the surfactant in both binary (non-plasticised) and ternary 





Figure ‎5.1.  MarvinSketch structure of pentaethylene glycol monododecyl ether (C12E5). 
 
 Distribution in Binary Films 5.1.1.
As the surfactant is deuterated ERDA and NRA are both suitable IBA techniques to probe the vertical 
depth distribution, ERDA giving greater quantification of surfactant amounts and NRA giving better 
resolution of surfactant structure within the sample.  ERDA was performed first on a sample containing 
25 w% d25-C12E5 in PVA.  The resulting scattering is displayed in Figure ‎5.2. with the calculated 
DataFurnace fits.  The depth profiles produced by these fits are displayed in Figure ‎5.3.  Counts seen 
below 0.55 MeV are representative of hydrogen within the sample, and above 0.55 MeV representative of 
deuterium.  The yield seen for hydrogen is much greater than deuterium as is expected for a partially 
deuterated surfactant present in relatively low weight percent in a hydrogenous matrix.  Therefore 
displaying the plot in Log10Counts (Figure ‎5.2., inset) allows better comparison between the scattering 
profiles.  Two separate fits are required to achieve a depth profile when performing ERDA, one for each of 
the forward scattered elements.  Although the fits are separate, they are also interrelated as the 
composition profile of one component cannot be changed with changing the other.  These are shown in 
red and black for hydrogen and deuterium respectively.  The deuterium profile shows two peaks at 
approximately 0.59 and 0.64 MeV, indicating two distinct layers of enrichment in the composition profile 
of surfactant.  Resolved with DataFurnace these peaks are converted to a d25-C12E5 surface excess of 41nm 
thickness, 24 at. % and a silicon (substrate) excess of 25 nm thickness, 80 at. %.  The hydrogen 
distribution shows a single peak in the spectrum, which may be construed as a homogeneous layer 
without DataFurnace fitting.  However it is possible to see from depth profile that there exist two regions 
of depleted hydrogen which correspond to the excesses of surfactant.   To study this segregation further 
with improved depth resolution (~8 nm) complimentary NRA experiments were performed with varying 





Figure ‎5.2.  ERDA scattering for a thin PVA film containing 25 w% of d25-C12E5 with DataFurnace fits, log 
plot shown in the inset. 
 
 
Figure ‎5.3.  Distribution of d25-C12E5 in a thin PVA film produced with DataFurnace, displaying each logical 
element (LE); LE1 – d25-C12E5 (red), LE2 – PVA (blue) and LE3 – Si (green). 
 
The concentration of surfactant was chosen to be 5, 15 and 25 w%.  Comparing results from ERDA 
and NRA for the 25%, formation of the surface excess is still apparent, but with the increased sensitivity 
of NRA the composition profile changes dramatically.  Thickness of the surface excess was reduced from 
41 nm to 8 nm, and the concentration of the surface concentration increased from 24% to 77%.  Note that 
the reduced surface excess thickness of 8 nm is comparable to the resolution of NRA, therefore precise 
purity is still not exactly determined.  These results do however suggest that an almost pure layer of 
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surfactant is being formed at the surface of the PVA film during spin-coating.  The substrate excess 
remains comparatively similar regardless of the IBA technique used.  An excess is defined as; 





where φb is the bulk concentration adjacent to the surface excess region, and φ(z) is the depth (z) 
dependent volume fraction profile of the near surface region.  Plotting of z* values helps to quantify 
changes in surface excess with parameters such as concentration.  If the excess contains more than one 
surfactant-rich layer then summing the z* values for each consecutive layer provides a representation of 
total surface excess.  z* values for Figure ‎5.4. are 4.7, 6.8 and 7.2 nm for 5, 15 and 25 % d25-C12E5, 
indicating an increase in the amount of surfactant seen at the surface with increasing concentration.  
Surface tension measurements on aqueous surfactant solutions have shown that surface tension will 
decrease with increasing surfactant concentration, signifying an increase in the concentration of 
surfactant within the surface excess,173 mirroring the results found with polymer films here.  However, 
the concentrations are much higher in these PVA films than would typically be measured in water. 
Considering the surface energy (SE) values of the components present in the film can help to explain 
why this segregation behaviour is observed.  A number of surface energies of PVA have been reported; 
two sources quote it as 37 mNm-1 at 20 °C, where SE was calculated from the molecular constitution174 
and glass transition (Tg)175 of the polymer.  Another source which also calculates SE from Tg gave a value 
of 49 mNm-1.176  The SE has also been calculated from acid-base analysis177 and the parachor parameter178 
to give values of 42 and 59 mNm-1 respectively.  This disagreement between sources is not only a 
measure of the variety of techniques used to calculate SE but also a result of PVA’s properties being 
largely dependent on its polymeric characteristics, particularly DH.  As different sources typically 
compare different resins, it is difficult to compare the precise DH of each material to the one being used in 
this study.  However the SE of PVA has been shown to decrease with decreasing DH,179 therefore as the 
PVA used in this study contains at least 10% PVAc, it can be presumed that the partially hydrolysed 
polymer resin would give a SE value towards the lower end of the established values.  SE has also been 
shown to increase with increasing molecular weight for several polymers such as polystyrene, 
polypropylene and polethylene.180-182  As the PVA resin used in this study is of relatively low Mw it also 
suggests the SE of PVA is likely to be at the lower end of the scale.  Going forward the SE of the PVA resin 
used in this study will be assumed to be approximately 40 mNm-1.  As C12E5 is a liquid it is not possible to 
measure surface energy, however the surface tension (ST) has been well-studied.  C12E5 has a limiting 
surface tension of 29.9 mNm-1 at concentrations of ≥ 0.1 mM in water,183 which is considerably lower than 
any measured value for the SE of PVA.  This means that surface adsorption of d25-C12E5 in PVA is favoured 
by the reduction in SE of the entire system caused by agglomeration of the non-ionic surfactant at the air 
interface.  If the ST/SE of the surfactant was higher than that of PVA, there would be no favourable 
reduction of sample SE by segregation and the surfactant may be expected to exhibit homogeneous 





Figure ‎5.4.  NRA data and DataFurnace fits for 5 (black, open squares), 15 (blue, open triangles) and 25 
(red, open circles) w% d25-C12E5 in PVA, produced depth profiles shown in the inset. 
 
To investigate the spontaneous segregation of d25-C12E5 further, neutron reflectometry (NR) was 
used to allow the replication of the previous experiments with even greater precision under ambient 
conditions.  Figure ‎5.5. displays reflectivity data (offset) for 10, 20 and 30% d25-C12E5 in PVA, as well fits 
achieved with MotoFit.  Although the depth profiles appear slightly different when comparing the two 
techniques, the overall conclusion is consistent between analysis methods; d25-C12E5 has again been 
shown to segregate to the surface and interface of thin PVA films.  The surface excess appears thinner, 
and less concentrated when analysed with NR.  This is likely to be a feature of the decreased film 
thickness necessary for neutron experiments, or caused by inclusion of a roughness parameter in NR 
fitting.  Although the surface excess measured is thinner, the impact of surface excess formation on the 
bulk concentration is still significant.  An increase in the amount of surfactant seen at the surface as 
concentration increases is also evident again.   
Another interesting feature has presented itself at the highest concentration where the thickness of 
the surface excess increases significantly.  It is unexpected that the concentration of surfactant at the 
surface does not increase above 60 at. % when there is an abundance of d25-C12E5 in the system, which 
would be capable of forming a complete wetting layer.  A similar feature was also apparent in the NRA 
data where the concentration of surfactant at the surface does not increase beyond ~75 at. %.  When 
studying the sample with IBA, the additional surfactant is found at the silicon interface rather than just 
below the surface excess.  This may be a result of the increased timescale of NR experiments, wherein 
surfactant initially present at the substrate excess after spin-coating migrates to the surface as the 
molecules are free to move under atmospheric conditions, rather than being vitrified for IBA.  
Quantification of the surface excess by both techniques shows formation of a significant surfactant layer 
which contains some quantity of PVA (25-40 w%, depending on the technique).  The total value of z* far 
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exceeds what would be possible for a single layer of surfactant at the surface.  The maximum all-trans 
length of a C12E5 molecule is ~3.7 nm (calculated using MarvinSpace with MarvinSketch v 6.2.0.), 
therefore even if the surfactant was orientated perpendicular to the plane of the PVA film, two end-on-
end surfactants would not provide the necessary length to produce a surface excess of ~8 nm.   
Experimental and computational studies of C12E5 adsorption on water show that the surfactant 
forms single layers with the hydrophobic tails pointing out at a tilted angle, so an end-on-end orientation 
is very unlikely.  Although the orientation of the surfactants cannot be resolved with NRA or NR for a PVA 
containing system, the significance of the surface excess is apparent.  As there was some evidence to 
suggest surfactant migration over time when comparing the NRA to NR results, an investigation in to 
surfactant distribution with time was launched. 
 
 
Figure ‎5.5.  Near-surface composition profiles (main body), NR data and MotoFit fits (inset) for 10 (black, 
open squares), 20 (blue, open circles) and 30 (red, open triangles) w% d25-C12E5 in PVA 
 
 Variation of Non-Ionic Surfactant Distribution over Time 5.1.2.
Glycerol has been shown to be volatile in thin films, with most of its mass being lost after 3-5 days, so 
it is not unreasonable to assume the non-ionic surfactant may be subject to a similar evaporation rate.  NR 
also suggests qualitatively different behaviour of the non-ionic surfactant from NRA (lack of substrate 
excess), this implies that as NR samples are not vitrified immediately after forming, and have increased 
equilibration time, that a change in surfactant distribution over time is likely occurring.  A solution 
containing 25 w% d25-C12E5 was spin cast to give films of approximately 140 nm thickness.  Samples were 
allowed to equilibrate under ambient conditions for a set time, after which they were vitrified in liquid 
nitrogen and analysed via ERDA.  Figure ‎5.6. shows the resulting scattering for each sample, offset so that 
the plots are displayed from top to bottom as equilibration time is increased.  The time increments used 
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were 0, 1, 3, 6, 24 and 48 hours, deuterium and hydrogen scattering for each sample is displayed in 
Figure ‎5.6.  In order to view both scattering profiles simultaneously they are plotted in log form.  However 
viewing the scattering as a log plot does not allow small changes in counts to be seen easily; therefore a 
non-log plot of the deuterium region only can be seen in Figure ‎5.7.  Evident from this plot is a clear 
decrease in the overall counts for deuterium as samples are allowed more time equilibrate.  Despite this 
decrease with time the overall profile remains largely intact.  Fitting with DataFurnace enables these 
changes to be quantified, accounting for any fluctuation in charge between samples; the depth profiles for 
each fit are displayed in Figure ‎5.8.   
 
 
Figure ‎5.6.  Offset ERDA data and DataFurnace fits for 25% d25-C12E5 in PVA after being cured under 





Figure ‎5.7.  Offset ERDA data and DataFurnace fits for deuterium only in samples of 25% d25-C12E5 in PVA 
after being cured under atmospheric conditions for 0 (top), 1, 3, 6, 24 and 48 hours (bottom).  The total 
concentration of deuterated surfactant detected at each interval is given at the end of each plot. 
 
The depth profiles have a similar distribution to what was found with ERDA in the previous section, 
where for both a substrate and surface excess are apparent for each sample, with the surface excess being 
less concentrated than the substrate excess.  Interestingly this result is the opposite to what was found 
with NRA and NR, where the surface excess is more concentrated.  Figure ‎5.7. includes the overall 
concentration of d25-C12E5 (σ) remaining in the film at the point of analysis, which has been calculated 
using the depth profiles produced in DataFurnace (Figure ‎5.8.), for example with the 25 w% data; 
 
Table ‎5.1.  Example calculation of total surfactant concentration from thickness and concentration 
parameters derived from the DataFurnace depth profile. 
Layer [d25-C12E5] /at. % Thickness /nm [d25-C12E5] .Thickness 
1 24.3 41 996.3 
2 2.4 63 151.2 
3 79.8 26 2074.8 





= 24.8 % 
Equation 46 
where Th is the thickness of each individual layer. 
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Normalising the surfactant concentration (σ) values at each time interval to the starting 
concentration allows the evolution of the depth profile with time to be studied.  Figure ‎5.9. shows the 
normalised values for both the surface and interface excess, both of which show a decrease in the amount 
of surfactant detected over time, suggesting that d25-C12E5 is being lost from the film.  The initial rate of 
loss is greater, slowing with time and plateauing after approximately 3 days.  This timescale is very 
similar to the time taken for glycerol loss to become static, which is surprising as the surfactant has a 
much higher molecular weight so would be expected to be less volatile.  It is possible that because the 
surfactant has reduced polarity compared to glycerol due to the large hydrocarbon chain, this may cause 
less favourable interaction with PVA.  This could make the surfactant more volatile and compensate for 
the hindrance of the increased molecular weight, possibly causing both compounds to exhibit similar 
evaporation rates.  It appears that the macroscopic surface area to thickness ratio in these thin, spin-cast 
films can cause even reasonably heavy molecules to be lost to the atmosphere at a significant rate.  The 
way in which the distribution changes over time is also interesting as the substrate excess decreases 
more significantly in comparison to the surface excess.  Intuitively surfactant would be expected to be lost 
from the surface as it is exposed to the atmosphere.  Being collected on the surface would leave the 
surfactant more susceptible to factors such as temperature, humidity and air-flow, which may increase 
the rate of evaporation.  One explanation to this reduction at the substrate excess could be that the 
surfactant is migrating through the depleted region between each excess as the sample maintains its 
surface energy and composition of surfactant at the surface as it lost to the environment.  This may seem 
unlikely as the films are mostly solid polymer and a significant amount of d25-C12E5 is lost in the first hour, 
hence migration would have to be possible in large quantities.  However glycerol has been shown to 
possess the ability to migrate quickly through this medium so it is plausible that the surfactant can also 




Figure ‎5.8.  Calculated depth profiles achieved with DataFurnace for timescales including 0 hour (red), 1 
hour (orange), 3 hours (green), 6 hours (blue), 24 hours (pink) and 48 hours (black). 
 
 
Figure ‎5.9.  Normalised percentage concentration d25-C12E5 values for each sample plotted against 
equilibration time for both the surface (black) and substrate (blue) excess. 
 
 Distribution in Ternary PVA Films 5.1.3.
As plasticisers are present in almost all commercial PVA films used in industry it was of interest to 
study the effects of plasticisation on surfactant distribution by introducing glycerol to the films.  Glycerol 
was added to the PVA/surfactant solutions and spin cast.  NRA has been shown to be more accurate and 
in greater agreement with NR, therefore it was used over ERDA to study distribution of deuterated 
compounds in ternary films.  As 20 w% of plasticiser is the quantity generally used in industrial films, this 
concentration was explored as well as 10% either side of this ideal quantity to gain an understanding of 
how an under and over-plasticised film might behave.  All films were analysed immediately after spin-
casting and the raw data, fits and depth profiles are displayed in Figure ‎5.10.  The first trend of note is the 
reduction in film thickness with increasing plasticiser content.  This is because any added glycerol is 
replacing the equivalent concentration of polymer in solution as the surfactant concentration is kept 
constant throughout (30%), hence films will become thinner.  Initial non-plasticised results were very 
similar to what was documented previously, with a highly concentrated, thin surface excess and less 
concentrated but thicker substrate excess of surfactant.  It is very clear from these results that 
plasticisation causes a systematic reduction in surface activity of the non-ionic surfactant, reducing the 
mass fraction of d25-C12E5 from ~90 at. % to as low as ~55 at. %.  Increased compatibility between 
surfactant and polymer in the bulk of the film can also be seen with plasticisation as the bulk 
69 
 




Figure ‎5.10.  Concentration profiles of 30% d25-C12E5 in mixed PVA/glycerol films as a function of glycerol 
content. Glycerol concentrations are indicated in the main figure. NRA data and fits are shown in the inset. 
 
Complementary NR experiments were carried out to investigate this phenomenon further.  Due to 
the restricted beam-time, only one plasticiser concentration was explored.  The concentration of d25-C12E5 
was kept constant at 20 w%, and NR data was acquired in both a non-plasticised PVA film, plus a film 
containing 20 w% of hydrogenous glycerol.  The labelled components were then exchanged; deuterated 
surfactant (d25-C12E5) for hydrogenous (h–C12E5), and hydrogenous glycerol (h-glycerol) for deuterated 
(d5-glycerol).  So now techniques used to observe deuterium distribution would correspond to glycerol’s 
position within the film and not the surfactant’s.  Neutron reflectivity data, fits and calculated depth 
profiles are displayed in Figure ‎5.11.  The NR data confirmed the findings of the NRA experiments as 
there is a clear reduction in the amount of d25-C12E5 seen at the surface when comparing a non-plasticised 
PVA film to a plasticised film.  What is more unusual however, is the result of the labelling exchange 
experiment.  Although the distribution of glycerol in thin PVA films was found to be homogeneous in the 
previous chapter, here the calculated depth profile for d5-glycerol exhibits a surface excess of plasticiser 
in the presence of C12E5 (Figure ‎5.11c.).  The concentration of plasticiser shows a ~10 at. % increase in 
the 10 nm surface region of the film, which suggests the surfactant and plasticiser are co-located, as the 
d25-C12E5 excess was also found in this region.  These findings further suggest some individual interaction 
between the surfactant and plasticiser which causes increased compatibility between the two 
compounds.  It is possible that a C12E5-glycerol complex is formed at the surface of the film which draws 





Figure ‎5.11.  NR data, fits and composition profiles for (a) 20% d25-C12E5 and 20% glycerol in PVA, (b) 
20% d25-C12E5 in PVA (reproduced from Figure ‎5.5) and (c) 20% C12E5 and 20% d5-glycerol in PVA.  The 
composition profiles for each dataset correspond to the deuterated element of that sample. 
 
IBA was then used to probe the effect of varying hydrogenous surfactant concentration on glycerol 
distribution further.  Solutions were made that contained 20 w% of d5-glycerol, accompanied by 1, 2, 5, 
10 and 20% of h–C12E5 in PVA and spin cast.  The data displayed in Figure ‎5.12. shows 20 w% d5-glycerol 
and 1 w% h–C12E5 in PVA.  Initially conventional layer fit methodology was applied to this data, displayed 
as the red dotted line in both the fit and depth profile in Figure ‎5.12.  The computational simplicity of the 
layer fit model makes fitting of a gradual change in concentration very difficult, adding more layers to the 
model might describe the data better, however increasing the number of variables in the fit is not only 
more taxing on computer power, but also allows much more room for the software to create errors.  
Fortunately it is possible to fit the data with a functional fit, described more in ‎3.3.1.  The calculated fit 
and depth profile achieved using the functional fit is displayed as a blue solid line in Figure ‎5.12.  As can 
be seen the functional fit describes the data with greater accuracy, indicating the ability of even small 
amounts such as 1 w% h–C12E5 to perturb the homogeneous distribution of glycerol.  The presence of 
surfactant causes a 5% increase in glycerol seen at the surface of the film (25 at. %), which gradually 





Figure ‎5.12.  NRA data with layer fit (red, dashed line) and functional fit (blue, solid line) for 1% h–C12E5, 
20% d5-glycerol in a thin PVA film, with respective depth profiles shown in the inset. 
 
Increasing the concentration of h–C12E5 in each film perturbs the distribution of plasticiser further, 
causing increased surface segregation (Figure ‎5.13.).  All glycerol found at the surface of the film is drawn 
from the bulk, depicted by the proportional decrease in glycerol concentration between 100 and 250 nm 
as surfactant concentration increases.  As the functional fit describes the depth distribution of a 
component by exporting a number of parameters which define an exponential decay formula, it does not 
give a limiting film thickness in the profile.  Therefore it is necessary to do at least once layer fit to 
estimate film thickness, which can then be used to determine where the exponential decay meets the 
substrate and the film ends, in this case 230 nm.   
Plasticisation is confirmed to reduce the significance of the surfactant surface excess by NR and NRA, 
although the magnitude of the reduction detected with NR was less than what was detected with NRA.  
Exchange of the labelled species has illuminated the ability of non-ionic surfactants to distort 
homogeneous plasticiser distribution in thin plasticised films, which suggests formation of a surfactant-
plasticiser complex.  The reorganisation of plasticiser may have implications on the mechanical 
properties of films which contain even a small amount of surfactant, as homogeneous plasticiser 
distribution is necessary to maintain polymer functionality for most applications.  As the changes in the 
surface structure of thin PVA films with plasticisation or surfactant addition has been shown to be so 
significant with scattering techniques, it would be surprising if detection of some change in surface 
properties was not resolvable with other methods.  Atomic force microscopy allows detailed surface 
imaging on the nanometre scale, hence this technique was used in an attempt to visualise the changes in 





Figure ‎5.13.  Functional fit depth profiles with 20 w% d5-glycerol and 1-20 w% h–C12E5 in thin PVA films. 
 
 Surface Topography of Thin Films 5.1.4.
Atomic force microscopy (AFM) is not only used for surface imaging, but can also be used to study 
several mechanical properties alongside imaging depending on the type of analysis performed.  Using 
quantitative nanomechanical mapping (QNM) the effects of plasticisation and surfactant addition on the 
height and adhesion profiles of thin films is studied.  The mechanics of QNM are discussed in more detail 
in ‎3.4.2.  Plasticisation was investigated in binary films with PVA initially (Figure ‎5.14.); which shows a 3D 
adhesion plot superimposed on to a 3D height map for a film spin-cast from a 4 w% aqueous PVA 
solution.  Here, we note that because of the uncertain range of penetration of the probe into the 
plasticised PVA surface and the inhomogeneous composition profiles, the adhesion maps are essentially 
qualitative in nature.  To establish if each AFM image was a true representation of the surface nature of 
the entire film, five separate scans were taken at various points on the film, and the profiles compared.  If 
there was very little variation between the observed plots, then the best quality image was generally 
chosen and plotted in the figures below.  AFM confirms the presence of relatively smooth films via spin 
coating, as the range of the height map never exceeds a half-length of 1.0 nm.  Hence the distance from the 
highest to the lowest point on a film is never found to be greater than 2.0 nm, which is relatively small 
compared to the average film thickness (~200 nm).  Adhesion is displayed in nanonewtons (nN), the scale 
of which can be used to identify the strength of adhesion measured from the force curve.  As visible in 
Figure ‎5.14., the adhesion profile tends to correlate with the height map, with features running in the 
same direction.  As QNM has not been applied to thin PVA films before it is difficult to interpret whether 
the values obtained are comparatively small or large to what would be expected from a PVA film on Si 
substrate, hence the data is qualitative.  As a pure PVA film is the most basic film investigated in this 
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project, this will be used as a baseline to compare all subsequent films to.  The calculated parameters for 
each film are displayed in Table ‎5.2. 
  
 
Figure ‎5.14.  AFM topographic height map (bottom) and adhesion (top) for a thin spin-cast pure PVA film 
on silica substrate. 
 






Rq/ nm Ra/ nm Kurtosis 
PVA 1.0 10.0 0.19 0.15 3.34 
PVA + Glycerol 1.7 17.5 0.25 0.19 5.36 
PVA + C12E5 1.8 16.7 0.51 0.36 6.39 
PVA + C12E5 + Glycerol 1.0 8.0 0.24 0.19 2.84 
 
Figure ‎5.15. shows the corresponding measurement, performed on a PVA film which contains 20 w% 
of glycerol as a plasticiser.  The addition of plasticiser to the pure polymer film causes slight variations in 
the appearance of the films surface which can be quantified through surface height and adhesion.  Firstly 
the half axis distance for the height map has increased from 1.0 to 1.7 nm, and the adhesion plot has seen 
a similar increase from 10.0 nN to 17.5 nN.  This implies that the height range of the features seen on the 
surface of the film has increased slightly, and these features themselves have a greater range of tackiness 
than a pure PVA film.  Adhesion has been empirically related to glass transition (Tg) in polymers184 where 
the maximum energy of adhesion (Wm/ Jm-2) for a polymer is reached at approximately 50 to 70 °C above 
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the Tg.  As the inclusion of plasticisers reduces the Tg of PVA (58 °C)39 towards the measurement 
temperature, the Wm is also reduced, causing the polymer to become tackier, which is supported by these 
findings.  It is also possible that as the plasticiser will swell the polymer, any deviations from a completely 
planar surface present in the non-plasticised films are enhanced upon plasticisation, resulting in the 
increased height range seen for plasticised samples.  However, this is quite a small effect. 
  
 
Figure ‎5.15.  AFM topographic height map (bottom) and adhesion (top) for a thin spin-cast 20% glycerol, 
80% PVA film on silica substrate. 
 
20 w% of h-C12E5 was added to both pure and plasticised PVA films to study the effects on surface 
properties.  Figure ‎5.16. shows the height and adhesion map for a binary surfactant-polymer film.  Both 
plots appear very different to those presented for a PVA-only film, which is unsurprising given the 
knowledge of C12E5 surface activity gained from NRA and NR.  The height and adhesion range, Ra, Rq and 
kurtosis all increase significantly when adding surfactant to the film, showing that not only does the 
surface become rougher, the features seen on the surface also become larger.  This is plainly visible from 
Figure ‎5.16. which shows a relatively smooth film with deep voids in the height map.  What is interesting 
is that when comparing the height to adhesion map these voids correspond to the most adhesive regions 
of the film.  The height of these features is also interesting, having a depth of ~2 nm, they are 
comparatively smaller than the 8 nm d25-C12E5 surface excess documented with NRA, this may be caused 
by the AFM being insensitive to the bulk of the surfactant layer on the surface of the film, wherein it only 
detects features in close proximity to the solid PVA film.  In comparison to the all-trans length of a C12E5 
molecule (~3.7 nm) and the documented average C12E5 layer thickness (4.2 nm) found on the surface of 
silica when placed in a solution above the CMC,185 it is also small.  This suggests that the surfactant is not 
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able to orientate perpendicular to the plane of the film, or form structured agglomerates on the surface of 
non-plasticised PVA films.  Figure ‎5.17. depicts a top-down view of the two plots which clearly indicates 
overlapping of the height and adhesion features.  There also appears to be an area surrounding these 
regions where adhesion is significantly reduced, almost creating an island of adhesion.  This phenomenon 
may be explained by the melting temperature of the surfactant.  Although an exact melting temperature 
for C12E5 could not be found, the surfactant is a liquid at room temperature which suggests it is below 20 
°C.  A similar surfactant, hexaethylene glycol monododecyl ether (C12E6) has been shown to have a 
melting point of 27.2 °C,186 so C12E5 should be slightly lower than this.  If any wells of surfactant in the 
liquid state are present on the surface of the film then adhesion will increase as the probe sticks to it.  The 
decrease in height associated with these regions would also be accounted for by a liquid surfactant 
structure at the films surface as the probe would penetrate through any liquid regions before reaching 
solid PVA, giving the impression of decreased height.  These results differ significantly from other studies 
of C12E5 structure on substrates, where hemi-spherical micelles were shown to form on the surface of 
graphite both experimentally187 and with molecular simulations.188  These experiments were carried out 
on a substrate submerged in a surfactant containing solution however; therefore different surface and 
interfacial interaction would be expected to lead to different structures. 
 
 
Figure ‎5.16.  AFM topographic height map (bottom) and adhesion (top) for a thin spin-cast 20% C12E5, 





Figure ‎5.17.  Top-down view of the height (left) and adhesion (right) maps for 20% C12E5 in 80% PVA spin 
cast thin film on a silica substrate. 
 
Another possibility is that where the amount of C12E5 on the surface does not readily make an 
integer number of layers, a mixed surfactant structure is formed.  This is known for PS-PMMA block-
copolymer films189 and is represented in Figure ‎5.18.  This would explain the deviations in the height map 
in Figure ‎5.17., if a significant layer of surfactant was present on the surface of the film then any regions 
where the surfactant molecules were not arranged in lamellae would cause the reduced height seen.  The 
addition of glycerol to surfactant containing films causes a reduction in these features, and makes the film 
appear more like the pure PVA film seen in Figure ‎5.14.  Glycerol addition in the pure film caused an 
increase in Ra and kurtosis, whereas in this case it causes a reduction.  It is known from the IBA and NR 
studies that glycerol decreases the magnitude of C12E5 surface excess seen in these films, as well as 
increasing the amount of surfactant seen in the bulk.  It would appear that these results are reflected in 
the AFM images, as the presence of surface structures caused by surfactant on the surface of the film is 
reduced upon glycerol addition, suggesting less surfactant is present at the surface.   
 
 





Figure ‎5.19.  AFM topographic height map (bottom) and adhesion (top) for a thin spin-cast 20% C12E5, 
20% glycerol, 60% PVA film on silica substrate. 
 
 Influence of Humidity on C12E5 Segregation 5.1.5.
It has clearly been shown that plasticisation with glycerol can alter a film’s properties significantly, 
but glycerol is not the only plasticiser known to be present in these films.  Water also plays a vital role in 
maintaining film stability in industrial films by acting as a plasticiser.  As polymeric properties (Tg, tensile 
strength, flexibility, etc.) are largely dependent on plasticiser concentration, any fluctuation in humidity 
and hence water (plasticiser) content of films can have a significant impact on film behaviour.  It is 
proposed that the presence of increased water in the atmosphere will not only affect the physical 
properties of the polymer, but in turn also affect compatibility with surfactants, causing surfactant 
structures on the film’s surface to change and leading to an increase/decrease in film permeability.  
Therefore an investigation was launched to probe the effects of humidity on thin, spin-cast films such as 
the ones studied so far in this work.  Saturated salt solutions were used to control the humidity in a sealed 
chamber.  Solutions of potassium acetate (CH3CO2K), magnesium chloride (MgCl2), magnesium nitrate 






Figure ‎5.20.  Schematic representation of ‘UFO’ cell used to control the relative humidity surrounding a 
sample. 
 
Prior to NR experiments, care was taken to ensure that films were stable for long enough to attain 
reliable data.  From the film thickness studies in chapter 3 and C12E5 NR data presented so far in the 
current chapter it was apparent that film stability should be maintained for at least 24 hours.  As an NR 
experiment on INTER takes approximately 1.25 hours, it was also necessary to ensure the saturated salt 
solutions stabilised the atmosphere within the UFO cell quickly as a consistent humidity should be 
reached before analysis begins.  By monitoring the humidity via a probe inserted into the cell directly 
above the sample it was found that a stable humidity was reached after approximately 15 minutes.  It 
takes roughly 30 minutes to lock the instrument and align the samples with NR so this was deemed 
sufficient enough time to start analysis directly after this procedure.  To gain a baseline measurement and 
test the effectiveness of the humidity cells a pure PVA film was analysed first.  In order for the film to 
contain a contrasting element to define a critical edge during analysis, PVA was dissolved in D2O rather 
than H2O as it is known that the polymer retains a reasonable quantity of water (~7 w%) in the industrial 
films, therefore some water retention should occur in spin cast films also.  Also isotope exchange between 
the labile OH groups of PVA and OD groups of the solvent will occur, hence the polymer should also 
exhibit an increased SLD.  Figure ‎5.21. displays the raw data, fits and D2O concentration versus depth 
profiles achieved for four separate spin-cast PVA in D2O films, each subjected to varying relative humidity 
environments of 23, 33, 55 and 85 %RH. 
Although the data does not vary much between samples, the difference in spacing of the fringes at 
low Q is telling of a change in film thickness.  This is obvious from the depth profile as the peak visible at 
the highest depth of each film, caused by a thin SiO2 layer on the silicon substrate shifts by ~5 nm per 
humidity interval, a clear indicator of water absorption in the thin films.  The relationship between the 
swelling ratio and humidity is given in Figure ‎5.22., where the swelling ratio is calculated by normalising 
each film thickness to the thickness at the lowest humidity (23 %RH).  The relationship is relatively 
linear, indicating that the film is able to absorb moisture roughly in proportion to the water vapour 
pressure regardless of humidity, and that a maximum absorption is not reached at any stage, which would 
be indicated by a plateau.  The large increase in film thickness displayed at 85 %RH is perhaps due to the 
larger increment (30 %RH) between 85 and 55 %RH compared to the smaller increments (10 and 22 
%RH) between 23, 33 and 55 %RH respectively.  It is however possible that the increase in film thickness 
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was amplified by a washing out of the Kiessig fringes at low Q for the 85 %RH sample.  The fitted 
parameters in the supporting information (‎12.2) show that the roughness parameter associated with this 
fit was significantly larger (6.6 nm) in comparison to the fits for lower humidity (1-2 nm).  This suggests 
the films surface is becoming relatively rough at higher humidity, possibly due to water absorption on the 
surface of the film, or by becoming excessively plasticised.  Plasticisation with glycerol was shown to 
cause a small increase of surface roughness with AFM, so it is not unreasonable that plasticisation with 
water could have a similar effect.  The calculated SLD and deuterium concentration is notably reduced at 
higher humidity (55 and 85 %RH).  It is possible that this is due to the presence of additional 
hydrogenous water (from the atmosphere) in the film, this will likely result in exchange of labile PVA OD 
with water OH, causing the SLD of the polymer, and hence the sample, to be reduced.  It is evident from 
these results that the humidity chambers are effective at controlling the atmosphere around the sample, 




Figure ‎5.21.  NR data (offset), fits and composition profiles for D2O, PVA films subjected to 23%RH (blue), 





Figure ‎5.22.  Positive relationship between relative humidity and percentage swelling indicating 
absorption of water from the atmosphere in thin, spin-cast PVA films 
 
C12E5 has previously been shown to surface segregate when in non-plasticised and plasticised PVA 
films.  Figure ‎5.23. displays data, fits and composition profiles for four separate 20 w% d25-C12E5 non-
plasticised films.  Each film was subjected to increasing relative humidity as was done for the PVA-only 
films.  Again an increase of film thickness with increasing humidity is observed, showing evidence of 
water absorption in the surfactant containing films.  The most interesting feature of the data in Figure 9 is 
the evolution of a broad Bragg peak at high Q, normally indicative of increased ordering within a system.  
Although surface segregation was detected earlier for d25-C12E5 in PVA films, this Bragg peak did not 
present itself.  The most logical region for surfactant ordering to occur is within the surface excess, where 
it is present in high concentrations.  Therefore additional layers were added to the fit of alternating high 
and low SLD, the fit was then run and the depth profiles in Figure ‎5.23. produced.  These depth profiles 
may appear different to what has been seen previously as the roughness parameter obtained with NR has 
been omitted by plotting the depth profile from the thickness and SLD values only (Appendix ‎12.2.).  This 
is done to remove any ambiguity regarding layer thickness and composition when analysing the surface 
excesses, as significant film roughness can lead to a blurring of the boundaries between highly contrasting 
SLD layers, which makes accurate interpretation of the structure difficult.  By producing profiles like this 
evidence of ordering within the surface excess of each sample is clear; showing layers of almost pure 
surfactant separated by lower SLD layers.  There is also an increase in ordering with increasing humidity 
seen as the concentration of surfactant in each layer rises with humidity; presence of an extra surfactant 
rich layer is also visible in the 85 %RH sample.  The fact that surface ordering of surfactant was not 
detected in the initial neutron experiment studied under ambient conditions suggests that this is a result 
of prolonged equilibration in the humid environment the samples are placed in.  These results suggest a 
decrease in compatibility between surfactant and PVA as the polymer is plasticised with water under 
increased humidity, causing the surfactant to segregate in to almost pure layers.  As glycerol was shown 
to have a positive effect on surfactant-polymer compatibility when studied under ambient conditions 
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(chapter ‎5.1.3.), it was of interest to see how these two opposing effects would play against each other 
when a glycerol plasticised, C12E5 containing, PVA film was subjected to increased humidity. 
 
 
Figure ‎5.23.  NR data (offset), fits and composition profiles for 20 w% d25-C12E5 PVA films subjected to 
23%RH (blue), 33%RH (red), 55%RH (black) and 85%RH (green) environments.  Each increment on the 
depth profile accounts for 0 to 100 at. % of d25-C12E5. 
 
Four films containing 20 w% d25-C12E5 and 20 w% h-glycerol were spin-cast and analysed with NR 
(Figure ‎5.24.).  Interestingly when studied under RH control, glycerol exhibits the opposite effect to what 
was seen previously, where now rather than increasing compatibility between components, it decreases 
it.  On average, z* increases by ~50% for each sample upon the addition of glycerol, indicating a 
significant decrease in the compatibility of the surfactant with the polymer matrix.  It is possible that 
these effects are actually from a greater degree of water plasticisation in the films permitted by the 
addition of glycerol.  A measurement performed by Laura Martin, a former intern student in the 
chemistry department at Durham University showed that pure glycerol can absorb up to 13% of its own 
mass in water from the atmosphere.  Considering the difference in molecular weight of water to glycerol 
that is almost a 2:3 molar ratio of glycerol to water, so the uptake is considerable.  C12E5’s critical micelle 
concentration (CMC) has been shown to be 0.04 mM in water, and 0.4 mM in a 90 w% glycerol/water 
solution,191 therefore micelles are formed at much lower concentrations in aqueous solutions, suggesting 
less compatibility with water in comparison to glycerol.  If glycerol is co-located with the surfactant in the 
film as the previous results suggest, then when films are exposed to a humid atmosphere glycerol will 
absorb water, which will in turn increase the likelihood of C12E5 micelle formation.  Although it is worth 
noting that the concentration of surfactant in the adsorbed layer is much greater than the CMC, even in 
glycerol containing solutions, it is not unreasonable to suggest that an increase in water concentration is 
likely to encourage aggregation into lyotropic mesophases.  If micelles are forming within the polymer 
matrix upon water absorption, they are less likely to be compatible with the polymer due to their 
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negative effect on polymer free volume in comparison to the individual surfactant molecules, hence may 
encourage surface segregation further. 
 
 
Figure ‎5.24.  NR data (offset), fits and composition profiles for 20 w% d25-C12E5, 20% h-glycerol PVA films 
subjected to 23%RH (blue), 33%RH (red), 55%RH (black) and 85%RH (green) environments. Each 
increment on the depth profile accounts for 0 to 100 at. % of d25-C12E5. 
 
Exchanging the deuterated compounds allows the study of plasticiser behaviour within the ternary 
surfactant samples.  Not only is the distribution of plasticiser within the film interesting as it may be 
involved in micelle formation by water absorption, but previously it was also found that when performing 
similar experiments under ambient conditions some plasticiser exhibited surface segregation.  Evidence 
for a small surface excess of glycerol is again apparent from the depth profiles presented in Figure ‎5.25., 
present at all relative humidity values studied.  There is also evidence for some structuring of glycerol in 
the excess for the 33 %RH sample, visible in the data by the presence of a Bragg peak at high Q.  The 
previous IBA work in this chapter on C12E5 containing films showed no evidence of glycerol surface 
structuring, but it is almost certain that this level of ordering is not detectable with NRA, as the maximum 
resolution achievable with NRA is ~10 nm.  This is large in comparison to the thickness of each surface 
excess detected with NR, as well as the thickness of the PVA films (~150 nm).  It is unusual that this level 
of structuring is only seen at 33 %RH, and hinted at with the 85 %RH sample, whereas 23 and 55 %RH 
show a surface excess of d5-glycerol, but no structuring within it, as this does not suggest any particular 





Figure ‎5.25.  NR data (offset), fits and composition profiles for 20 w% h-C12E5, 20% d5-glycerol PVA films 
subjected to 23%RH (blue), 33%RH (red), 55%RH (black) and 85%RH (green) environments. Each 
increment on the depth profile accounts for 0 to 100 at. % of d5-glycerol. 
 
Although the d25-C12E5 and d5-glycerol samples at 33 %RH are completely separate, the agreement 
between their depth profiles when plotted without roughness is significant.  By inverting the 
concentration profile for the deuterated glycerol sample and overlaying it against the deuterated 
surfactant sample (Figure ‎5.26.) it appears as though there are intermittent layers of C12E5 and glycerol 
on the surface of the thin films.  The most probable surfactant-glycerol conformation to exist in this case 
is a series of surfactant lamellae, separated by regions of glycerol.  C12E5 has been shown to form lamellae 
at high concentrations (> 55%) in aqueous solutions containing polymer through molecular 
simulations,192 and although the overall concentration in solution is only 20 w%, the concentration of 
surfactant in the surface excess (> 90 at. %) is more than sufficient for lamellae to form.  This suggests 
that the presence of polar molecules within the matrix allows increased structuring at the surface.  This 
would help to explain the series of surfactant-rich layers seen in the binary C12E5-PVA films, as surfactant 
structuring is only present under RH control, when there is significant water within the system.  This 
suggests that it is either a pure layer of water which supports the surfactant layers on the surface of the 
film, or a layer of water-plasticised PVA.  The fact that the glycerol structuring is only observed at 33 %RH 
is also interesting; it could be that this sample was smoother than the rest, which allowed better 
resolution to be obtained from NR as there was less variation in film thickness at the surface, giving more 
uniform scattering.  Another possibility is that changing RH changes the lyotropic behaviour of 
C12E5/glycerol structures and only 33 %RH gives clear enough lamellae, parallel to the surface for the 
structuring to be seen.  NR has confirmed the presence of a C12E5 surface excess in thin PVA films under 
all environments studied, as well as a non-homogeneous distribution of plasticiser at a range of relative 




Figure ‎5.26.  NR depth profiles 20% d25-C12E5, 20% glycerol (blue) and 20% d5-glycerol, 20% h-C12E5 (grey, inverted) 
with removal of the roughness parameters focusing on the near surface region (0-20 nm). 
 
 Summary of C12E5 Segregation Behaviour 5.1.6.
So far the segregation behaviour of the non-ionic surfactant d25-C12E5 in PVA has been investigated 
with several techniques.  Unlike the plasticiser glycerol, this surfactant has been shown to exhibit 
spontaneous segregation when placed in thin PVA films.  C12E5 will not only segregate to the air interface 
as would be expected for a surface active compound such as a surfactant, but has also been found in 
significant concentration at the substrate interface.  The results presented so far suggest that the surface 
energy of components within the PVA matrix dictates segregation behaviour, with lower surface energy 
compounds segregating more readily.  Compatibility of the components present within each sample has 
also shown to be of importance when determining the extent of surfactant surface segregation, expressed 
by the change in surfactant behaviour upon the inclusion of molecules such as the plasticisers glycerol 
and water.  Evidence of a surfactant-glycerol complex has also been found, showing the ability of C12E5 to 
perturb the homogeneous distribution of plasticiser within the sample.  This may have major implications 
for film stability as any deviation from a homogeneous distribution will cause areas insufficiently 
plasticised polymer, leading to increased fragility and increasing the likelihood of film fracture/failure, it 
could also lead to an undesirable tacky feel on the surface of the film.  The effect of humidity on the 
magnitude of the surfactant surface excess (z*) in thin films has also been explored and is summarised in 
Figure ‎5.27.  It was found that increasing humidity causes surface segregation of the surfactant to be 
enhanced, forming complex structures on the surface of the film.  This would suggest that as a surfactant-
glycerol complex is shown to form, greater surfactant segregation would cause greater glycerol 
segregation.  However labelling of the plasticiser has shown that glycerol segregation is reduced at higher 
humidity (Figure ‎5.27.), which suggests that water, absorbed from the atmosphere takes over glycerol’s 
role in the interstitial surfactant surface excess regions, allowing more glycerol to be present in the bulk.  
This suggests that there exists an ideal humidity for film stability where the amount of surface 
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segregating surfactant is at a minimum, and the amount of glycerol present in the bulk is at a maximum.  
Despite this it is clear that the problem of glycerol segregation in thin films is prevalent throughout the 
entire humidity range.  It is thought that altering the surfactant’s compatibility with the plasticiser and 
polymer by adjusting the hydrophilic-lipophilic balance (HLB) could shed light on a possible means to 
suppress segregation of both the surfactant and plasticiser in thin polymer films. 
 
 
Figure ‎5.27.  Surfactant surface excess as a function of %RH for 20% d25-C12E5 (filled squares, black), 20% 
d25-C12E5 with 20% h-glycerol (filled circles, red) and 20% h-C12E5 with 20% d5-glycerol (open triangles, 
blue) in thin PVA films 
 
5.2. Effects of Surfactant Hydrophilic-Lipophilic Balance on 
Segregation and Nanostructure 
The HLB was varied for the non-ionic surfactant C12E5 by comparison with samples have one fewer or 
one more ethoxy groupremoving or adding an ether group to give tetraethylene glycol monododecylether 
(C12E4) and hexaethylene glycol monododecylether (C12E6) respectively (Figure ‎5.28.).  As this process is 
altering the size of the polyoxyethylene chain and therefore the polar surfactant head-group, it is 
expected that the compatibility with polar materials such as water, PVA and glycerol will be directly 
correlated to changes in HLB.  Deuterated analogies of these materials were supplied by the deuteration 
lab at ISIS and produced using the same reaction mechanism as done for C12E5 by simply exchanging the 
non-deuterated ether for a longer or shorter compound in the Williamson synthesis.171-172  The effects of 
HLB on surfactant behaviour may help to more accurately identify the forces dictating surfactant 
migration in these thin films.  Table ‎5.3. lists HLB values for the non-ionic surfactants as well as other 
physical properties.  The Mw, density and SLD are all obtained from Table ‎3.1., displayed in chapter 3, with 






Figure ‎5.28.  MarvinSketch of hydrogenous C12E4 and C12E6 exhibiting same length hydrocarbon region 
 
Table ‎5.3 Comparison of non-ionic surfactant physical properties, a calculated using Equation 4, b 
Persson,193 c Kjellin et al.,183 d Wijaya et al.,194 e Patel et al.195 
Property C12E4 C12E5 C12E6 
Molecular Weight 362.5 406.6 450.7 
HLB 10.66a 11.67a 12.49a 
Density/ gcm-3 0.950 0.963 0.976 
SLD/ x10-6 4.18 3.84 3.56 
ST (in water)/ mNm-1 27.6b 29.9c 31.9d 
CMC/ x10-5 M at 25°C 4.6e 5.8e 8.0e 
 
 Influence of Humidity on Surfactant Structure and 5.2.1.
Distribution in Binary PVA Films 
 The same experimental conditions used to study surfactant segregation for C12E5 in PVA films were 
also used for C12E4 and C12E6 containing films; d25-C12E4 was first studied in non-plasticised PVA films.  A 
surface excess of surfactant is visible in Figure ‎5.29. for all humidity values.  This is expected as the 
physical properties of the surfactant do not change drastically with the removal of an ether group so 
similar behaviour might be expected in a hydrophilic matrix.  The distribution of d25-C12E6 (Figure ‎5.30.) 
also shows a surface excess at all humidity values, appearing significantly more concentrated than the 
lower HLB surfactant.  The magnitude of the surface excess is again described in terms of z*.  Figure ‎5.31. 
displays the z* values for all non-ionic surfactants studied so far in binary films with PVA.  Both C12E5 and 
C12E6 show an increase in the number of surfactant molecules within the surface excess as humidity 
increases, whereas C12E4 exhibits almost no change in segregation behaviour under varying humidity.  
When comparing C12E4 to the higher molecular weight surfactants a decrease in surface segregation is 
visible at all humidity values.  As the compound has a reduced molecular weight, surface tension and 
density, compared to the other surfactants it was expected that increased surface segregation would be 
visible.  Compatibility arguments would also support increased segregation as the surfactant has a 
smaller HLB compared to C12E5 and C12E6, making it less polar, and therefore less compatible with the 
polar polymer matrix.  Although surfactant molecules should be aggregated at these concentrations in all 
samples, the reduced CMC of C12E4 in water (Table ‎5.3.) is indicative of its decreased compatibility with 
polar systems, hence CMC can be directly related to compatibility with the polar polymer.  A decreased 
compatibility with PVA would likely cause increased segregation compared to the other surfactants.  
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Therefore the surfactant CMC would also support increased segregation for C12E4.  As all documented 
properties suggest the surfactant should exhibit the opposite behaviour to what is detected, there must 
be some other factor at play, overpowering the effects of the physical properties and causing the 
surfactant to show reduced surface segregation.   
It is also intriguing to see that where C12E5 containing samples were shown to have at least two 
surfactant-rich layers in binary films, only a single surfactant layer is visible in C12E4 containing samples.  
The concentration of this surfactant layer does not appear to be affected significantly by humidity at any 
value studied.  There is a notable reduction in the bulk concentration of surfactant at 85 %RH however, 
indicating decreased surfactant compatibility at the highest humidity.  The average thickness of the 
surfactant layers present on the surface of the polymer films is approximately 1.33 nm, calculated from 
the fitting parameters.  Molecular dynamics simulations have shown the thickness of an adsorbed layer of 
C12E4 on an ethylammonium nitrate surface to be 1.70 nm.196  Although this surface is chemically different 
to PVA, it is polar like the polymer; hence it is plausible that the surfactants would orientate in a similar 
way, with their hydrophobic tail-groups pointing out of the surface.  As the average C12E4 layer thickness 
from these results and simulated C12E4 surface excess thickness do not differ considerably it appears that 
a monolayer of C12E4 is present on the polymer film’s surface. 
 
 
Figure ‎5.29.  NR data (offset), fits and composition profiles for 20 w% d25-C12E4, PVA films subjected to 
23%RH (blue), 33%RH (red), 55%RH (black) and 85%RH (green) environments.  Each increment on the 
depth profile accounts for 0 to 100 at. % of d25-C12E4. 
 
The segregation behaviour of C12E6 in thin PVA films is the opposite to what is expected.  The 
increased HLB should cause the surfactant to be more compatible with the polymer matrix, which should 
suppress segregation.  The z* values in Figure ‎5.31 however show an increase for 3 of the 4 humidity 
percentages studied compared to C12E5, with only 55 %RH exhibiting a reduction.  This suggests 
decreased compatibility with the polymer compared to the other surfactants when all of the 
aforementioned physical properties (Mw, density, surface tension, CMC) imply that an increase in 
compatibility should be seen for C12E6.  The higher molecular weight surfactant does however exhibit a 
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more similar trend to the C12E5 with increasing humidity in comparison to C12E4, wherein the thickness, 
concentration and number of surfactant layers on the surface increases with increasing humidity.   
It is proposed that the size of the surfactant structures forming within the non-plasticised films 
dominates segregation behaviour and overpowers the opposing effects of physical properties.  Although 
the exact surfactant nanostructure forming within each film is difficult to predict, it can be theorised that 
as surfactant concentration in the films is much greater than the CMC, it is unlikely that spherical micelles 
are present, as larger structures are formed at higher concentrations.197  Cylindrical micelles of C12E5 have 
been shown to form in aqueous solution.198  If this is also occurring in these films under humidity control, 
then an adjustment made to the surfactant chain length would have a corresponding effect on cylindrical 
micelle diameter.199  C12E4 would exhibit a reduced diameter compared to C12E5, which would have a less 
negative impact on the free volume of the polymer, making the surfactant nanostructure more compatible 
with the polymer matrix.  C12E6 would have a larger diameter than the other surfactants, meaning it 
would reduce free volume within the system more.  Therefore it would be less energetically favourable 
for the surfactant structure to remain within the matrix as opposed to being situated on the surface of the 
film compared to the smaller surfactants, hence leading to increased surface segregation.  Another 
possible explanation for this phenomenon is that although the ethoxy groups of the surfactant have an 
increased compatibility with the polymer compared to the hydrocarbon chain, they still have somewhat 
unfavourable interactions with PVA.  This would mean that the smaller surfactant would have fewer 
unfavourable interactions with the polymer, simply due to its reduced molecular weight. 
 
 
Figure ‎5.30.  NR data (offset), fits and composition profiles for 20 w% d25-C12E6, PVA films subjected to 
23%RH (blue), 33%RH (red), 55%RH (black) and 85%RH (green) environments.  Each increment on the 





Figure ‎5.31.  z* of d25-C12E4 (black), d25-C12E5 (red) and d25-C12E6 (blue) in thin PVA films against relative 
humidity.  
 
 Surfactant Distribution in Ternary Plasticised Films with 5.2.2.
Humidity 
The interaction of the plasticisers glycerol and water with the surfactant has been shown to be 
important in determining surfactant segregation in C12E5 containing films, hence similar experiments 
were performed with plasticised films containing C12E4 and C12E6.  Figure ‎5.32. displays the data, fits and 
depth profiles for the glycerol containing samples, it can be seen the addition of glycerol causes a 
substantial increase in the amount of segregated surfactant, similarly to what was seen for C12E5, 
suggesting a decrease in compatibility between surfactant and PVA upon plasticisation when studied 
under humidity control.  At all humidity values (23, 33 and 55 %RH) a double surface excess is now 
present, which was not detected in the non-plasticised samples.  This appears to be a feature of the 
reduced surfactant-polymer compatibility, as more surfactant attempts to it segregate to the surface.  As 
the additional surfactant cannot add to the pure layer of C12E4 already at the surface, the addition of 
glycerol causes another surfactant layer to be formed directly below the surface excess.  The depleted SLD 
region between the surfactant layers has been shown to be comprised of glycerol molecules for C12E5 
containing films in chapter ‎5.1.5.  It is likely that a similar phenomenon is also seen here for C12E4 
containing, plasticised films, where the formation of surfactant lamella is facilitated by the presence of 
polar molecules within the polymer matrix.  Unfortunately there was an error during the measurement of 
the 85 %RH, C12E4, plasticised sample hence a depth profile is not given for this data, making it difficult to 
see any trend in C12E4 segregation in plasticised films with varying humidity.  Exchanging of the labelled 
components (Figure ‎5.33.) uncovered a surface excess of glycerol, as was expected from the presence of 
highly-concentrated surfactant layers with depleted SLD regions between them, so formation of a 
surfactant-plasticiser complex is demonstrated again with C12E4.  No evidence of structuring within the 
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glycerol excess is visible here however as was seen with C12E5, so it is difficult to define a surfactant-
glycerol nanostructure at the surface. 
 
 
Figure ‎5.32.  NR data (offset), fits and composition profiles for 20 w% d25-C12E4, 20% h-glycerol PVA films 
subjected to 23%RH (blue), 33%RH (red), 55%RH (black) and 85%RH (green) environments.  Each 
increment on the depth profile accounts for 0 to 100 at. % of d25-C12E4. 
 
 
Figure ‎5.33.  NR data (offset), fits and composition profiles for 20 w% h-C12E4, 20% d5-glycerol PVA films 
subjected to 23%RH (blue), 33%RH (red), 55%RH (black) and 85%RH (green) environments. Each 
increment on the depth profile accounts for 0 to 100 at. % of d5-glycerol. 
 
Figure ‎5.34. displays the data, fits and concentration profiles for 20% d25-C12E6 with 20% h-glycerol 
samples.  Interestingly where C12E6 containing, non-plasticised films exhibited greater segregation 
compared to the C12E5 films, the opposite behaviour is found with plasticised films.  This would suggest 
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that the larger surfactant has increased compatibility with the film in plasticised samples compared to the 
C12E5 plasticised samples.  The increased HLB of C12E6 should cause more favourable interactions with the 
polar polymer and plasticiser, which could be the reason for the reduced segregation.  It is worth noting 
that significant segregation is still visible however, it is just reduced in comparison to the behaviour of 
C12E5.  The relationship between segregation and humidity is similar to what was seen for C12E5 where 




Figure ‎5.34.  NR data (offset), fits and composition profiles for 20 w% d25-C12E6, 20% h-glycerol films 
subjected to 23%RH (blue), 33%RH (red), 55%RH (black) and 85%RH (green) environments.  Each 
increment on the depth profile accounts for 0 to 100 at. % of d25-C12E6. 
 
 
Figure ‎5.35.  NR data (offset), fits and composition profiles for 20 w% h-C12E6, 20% d5-glycerol PVA films 
subjected to 23%RH (blue), 33%RH (red), 55%RH (black) and 85%RH (green) environments. Each 




When observing deuterated glycerol distribution with C12E6 a surface excess of glycerol is again seen 
in Figure ‎5.35., indicating some favourable interaction between C12E6 and the plasticiser.  Compared to 
the other surfactants however the concentration of glycerol seen at the surface is small, indicating that 
the interaction between the higher molecular weight surfactant and plasticiser is correspondingly 
reduced.  What is unique about this sample set is that a clear relationship between humidity and 
deuterated plasticiser distribution is present in the ternary films.  Figure ‎5.36 displays the z* for all C12E6 
containing samples, where it can be seen that as humidity increases, the amount of d5-glycerol present at 
the surface decreases.  This finding reveals more information on the interactions between surfactant, 
glycerol and water at the films surface.  As the C12E5 results suggested that a slab of polar molecules (in 
that case glycerol) exists in between the surfactant-rich layers in order for surface structuring to occur, 
then similar structuring should occur in the case of C12E6.  As more surfactant is present in the surface 
excess as relative humidity increases then more polar molecules are required to shield the surfactant 
head-groups from each other.  It is clear from the d5-glycerol, h-C12E6 sample that it is not glycerol which 
occupies this region as the amount of plasticiser present at the surface (z*) decreases with increasing 
relative humidity; it therefore must be water (absorbed from the atmosphere) which makes up the 
interstitial regions between surfactant layers.  Figure ‎5.37. shows a schematic representation of how 
water molecules can replace glycerol in the interstitial layers with increasing humidity, leading to 
increased surfactant surface structuring.  This suggests that either water is more effective at shielding the 
polar interactions of the surfactant head-groups compared to glycerol, or simply that the concentration of 
water within the film is greater than that of plasticiser at higher humidity concentrations, so it is more 
likely to occupy these regions. 
 
 
Figure ‎5.36.  z* of d25-C12E6 (blue), d25-C12E6 with h-glycerol (red) and d5-glycerol with h-C12E6 (black) in 





Figure ‎5.37.  Schematic representation of increasing surfactant surface excess concentration with 
increasing relative humidity, as well as replacement of glycerol with water in the interstitial region 
 
 Summary of HLB Findings 5.2.3.
In an attempt to summarise the findings across all non-ionic surfactant containing samples studied 
under humidity control Table ‎5.4., Table ‎5.5. and Table ‎5.6. are presented.  These tables represent the 
magnitude the surface excess (d25-C12E5 or d5-glycerol) rescaled from the maximum and minimum values 
across the entire sample range, to 0-10.  These values were then colour coded, red (0) being the smallest 
z* value and green (10) being the largest.  For binary films of surfactant and PVA it can be seen from 
Table ‎5.4. that the surfactant surface excess increases as a function of both relative humidity and HLB.  It 
is theorised that the relationship between surfactant molecular weight and segregation is established by 
size of surfactant nanostructures forming in the PVA film.  Although the exact nanostructure is not 
predictable from this form of NR experiment, it appears that the greater negative effect on free volume 
within the system that a larger surfactant nanostructure would have is a logical reason for the increased 
migration seen with C12E6, and the reduced migration seen with C12E4.  Surface excess as a function of 
humidity appears to be a result of plasticisation via water absorbed from the atmosphere.  The increased 
water absorption in binary films causes a decrease in compatibilty between the surfactant and polymer, 
facilitating increased surface segregation. 
The NR results from plasticised samples under RH control also show a general increase in 
segregation under increased relative humidity.  For most plasticised samples, especially the C12E5 
samples, they appear to show increased surfactant segregation compared to their non-plasticised 
counterparts.  This is theorised to be due to the ability of glycerol to absorb a significant portion of its 
own mass in water.  Therefore allowing increased water absorption into films where this increased 
plasticisation by water causes further segregation.  From these results it would appear that the non-ionic 
surfactants have a reduced compatibility with water compared to glycerol in thin PVA films. 
As glycerol cannot aggregate and form liquid crystals as the non-ionic surfactants do, it is not 
surprising that Table ‎5.6. shows reduced z* values compared to the other two tables as it is the surface 
excess of glycerol being studied in this case.  For most cases in this sample set there does not exist a 
strong correlation between surface segregation and either HLB or humidity.  However by plotting the 
table in the colour-coded format it is possible to see there is a general reduction in surface segregation as 
samples move towards the lower right corner.  This general reduction in surface segregation with 
increasing humidity for C12E6 ternary samples was especially useful in highlighting the ability of water 
from the atmosphere to replace glycerol in the interstitial regions between surfactant-rich layers, 
facilitating increased surfactant segregation.  It is clear from these results that humidity has significant 
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and intriguing effects on non-ionic surfactant surface and bulk distribution in thin films.  Therefore the 
study naturally led to the investigation of how these factors effect ionic surfactant segreation too. 
 
Table ‎5.4.  Rescaled (from 0-10) z* surface excess values for all deuterated non-ionic surfactant 
containing, binary PVA films where 0 is the smallest amount of segregation and 10 is the largest, colour 
scale applied via conditional formatting  
 
HLB 
Relative Humidity/ % 
 23 33 55 85 
d25-
C12E4 
10.7 1.1 1.5 1.7 1.6 
d25-
C12E5 
11.7 4.1 3.4 7.7 7.5 
d25-
C12E6 
12.5 5.2 4.6 4.7 9.0 
  
Table ‎5.5.  Rescaled (from 0-10) z* surface excess values for all deuterated non-ionic surfactant and 
hydrogenous glycerol containing, ternary PVA films 
 
HLB 
Relative Humidity/ % 
 23 33 55 85 
d25-
C12E4 
10.7 4.1 3.1 3.3 - 
d25-
C12E5 
11.7 6.4 7.0 10.0 8.9 
d25-
C12E6 
12.5 4.2 4.5 5.4 7.0 
 
Table ‎5.6.  Rescaled (from 0-10) z* surface excess values for all hydrogenous non-ionic surfactant and 
deuterated glycerol containing, ternary PVA films 
 
HLB 
Relative Humidity/ % 
 23 33 55 85 
d25-
C12E4 
10.7 1.1 1.2 0.5 0.7 
d25-
C12E5 
11.7 1.1 4.1 0.4 0.3 
d25-
C12E6 





6. Ionic Surfactant Segregation in PVA Film 
Ionic surfactants are of importance for many products and processes including; DNA extraction,200 
synthesis of gold nanoparticles,201 hair conditioning products,202 insecticides,203 as well as commonly 
being used in detergent formulations204 and fabric softeners,205 making their interactions with PVA film in 
soluble unit does formulations of significant interest to this project.  The study of ionic surfactants affords 
certain advantages over non-ionics when analysing their segregation behaviour with scattering 
techniques.  The presence of relatively large counter-ions which usually accompany the charged tail-
groups of ionic surfactants allows other IBA techniques such as RBS to be used.  As these counter-ions 
differ significantly in atomic weight from other elements present within the sample, backscattered helium 
ions in RBS experiments from these elements have very different energy to those backscattered from 
lighter elements.  If the contrast between the counter-ion and polymer matrix is large enough, then the 
scattering from the counter-ion can be completely isolated, allowing complete depth distribution of the 
surfactant throughout the entire film to be analysed.  The advantage of this is that no labelling of the 
additive is required, significantly reducing the cost of the experiment, as well as increasing the range of 
surfactants that can be studied.     
 
6.1. Cetyltrimethylammonium Bromide (CTAB)  Segregation in 
Thin PVA Films 
Although cationic surfactants are not used as detergents, they are commonly found in fabric 
softeners,206 which are used in conjunction with many laundry cleaning products, such as liquitabs.  One 
surfactant that is readily available and well-studied in the literature,207-209 whilst also possessing a 
counter-ion with sufficient difference in mass from the C, H, O which make up PVA, is CTAB.  The presence 
of the large bromide (Br-) counter-ion on each surfactant molecule provides enough contrast from the 
polymer and plasticiser to enable its depth profile to be measured by RBS.  CTAB is a favoured surfactant 
for the extraction of DNA as it can simultaneously solubilise a cell membrane and denature enzymes that 
would hydrolyse DNA, meaning that DNA remains largely intact during the process.200  The surfactant has 
also been used as a template to create mesoporous materials which have found use as catalysis substrates 
due to their extremely large internal surface area.210  Some of the results in the following section (6.1.) 
were also published in the initial paper on surfactant segregation.170 
 
 




 CTAB Segregation in Binary PVA Films 6.1.1.
RBS spectra of a thin PVA film containing 25 w% CTAB can be seen in Figure ‎6.2.  Recoils detected 
below 0.6 MeV are due to scattering from lighter elements such as C, O and Si, with Si dominating 
scattering as it is present in the most abundance as the substrate.  Recoils detected in the region between 
0.7 and 1.3 MeV exclusively arise from the Br– ions present in the surfactant.  Not only can conventional 
fits be produced with DataFurnace, as described in chapters 4 and 5, but when analysing a sample with 
RBS, ‘separated spectra’ are also obtainable.  These display the relevant scattering from each element 
(Figure ‎6.2).  As can be seen, Si backscattering dominates the spectrum, hence viewing the scattering on a 
log scale allows bromide scattering to be more visible (Figure ‎6.3.).  The lower energy edge of the Br– 
scattering (0.7 MeV) is notably more diffuse than the high-energy edge (1.3 MeV).  This is a feature of film 
roughness, caused by variation in film thickness as discussed in chapter ‎4.2.  Scattering from the surface 
of the film produces helium ions of a higher energy than those scattered from deeper in the film, as the 
incident beam loses energy as it traverses the sample, therefore the variation in counts per channel with 
energy is related to the variation in concentration with depth. 
 
 






Figure ‎6.3.  RBS data and fits (inset) for 25% CTAB in a thin PVA film, depth profile for CTAB (red) and 
Silicon (blue) also shown. 
 
CTAB shows an even distribution in a non-plasticised film; in contrast to the behaviour seen for the 
non-ionic surfactants.  Again surface energy values may provide some insight in to why CTAB behaviour 
in a PVA film is somewhat different to the behaviour of d25-C12E5.  As previously discussed, an estimated 
SE of the PVA used in this study is ~40 mNm-1, unfortunately no value for the SE of CTAB in its pure form 
could be found in the literature.  This is likely to be because it would be difficult to find a series of contact 
fluids that would be sufficiently incompatible with CTAB to enable reliable contact angle analysis.  Much 
work has been done on the surface tension of CTAB in solution however, where it has been shown that in 
aqueous solutions CTAB can reduce the ST of water from 72 mNm-1 to a limiting surface tension of 32-26 
mNm-1 when present in concentrations above the critical micelle concentration (0.92 – 1.0 mM).211  These 
ST values were achieved when KCl was added to the solution, which screens the charged groups of the 
surfactant from each other, allowing closer packing.  While caution must be taken when comparing ST for 
an aqueous solution of CTAB to the SE of PVA, it is plausible that (because no such additional ions were 
present) CTAB has a similar ST to PVA.  If the ST/SE values of the two components are similar then 
migration of CTAB to the surface would cause no significant reduction of film ST, and hence would not 
occur spontaneously. 
 
 CTAB Segregation in Ternary, Plasticised PVA Films 6.1.2.
In chapter 5, it was seen that the addition of plasticiser increased surfactant-polymer compatibility 
with C12E5 under ambient conditions.  It has been hypothesised that this is mostly due to favourable 
interactions between the PVA, surfactant and glycerol, caused by the presence of significant H-bonding 
98 
 
sites.  As CTAB contains much fewer polar bonds compared to the non-ionic, it is predicted that CTAB may 
exhibit decreased compatibility with the plasticiser glycerol in comparison to the ethylene glycol 
monododecyl ether variants.  By keeping the surfactant concentration constant at 25 w% and varying the 
concentration of glycerol at 10, 20 and 30% the effect of plasticisation is probed.  Scattering from the 
bromide ion and DataFurnace fits are displayed in Figure ‎6.4.  At lower concentrations of plasticiser (≤ 
10%) the data appears much the same as for a non-plasticised film.  However when significant levels of 
plasticiser are found which mirror the volumes used in industry (≥ 20%) an intense peak forms in the 
data at ~1.3 MeV, with another peak of lower intensity at ~0.9 MeV.  The reason for the decreased 
intensity of the peak at lower energy is explained in the same way as the diffuse edge of the data at lower 
energies, where the loss of resolution is due to film thickness variation, causing the peak at lower energy 
to be smeared out.  Fitting of these two peaks with DataFurnace accommodates for this decrease in 
resolution, producing depth profiles which contain two highly concentrated excesses of surfactant at both 
the air and substrate interface (Figure ‎6.5.).  Each excess is at least 10 nm thick and has a CTAB 
concentration of >50 at. %, indicating significant segregation has been activated at higher plasticiser 
concentrations.  These findings support the theory that it is not only surface energy which is controlling 
migration tendencies.  If SE differences were the only impetus for migration then this large change in 
surfactant behaviour would not be explained.  While the addition of glycerol to the film might contribute 
to a small increase in the overall SE of the film, as glycerol ST > PVA SE, it would only be marginal as PVA 
is still by far the most abundant compound in the film, and therefore SE would remain dominated by PVA.  
Compatibility arguments can help to explain this phenomenon; if the addition of glycerol, which has a 
greater affinity and compatibility with PVA due to its hydrogen bonding sites in comparison to CTAB, 
outcompetes CTAB for its favourable interaction with the amorphous regions of the polymer, then this 
may cause segregation to be initiated at higher concentrations.  This effect may not be seen at plasticiser 
concentrations of ≤ 10% as there exists enough space within the polymer matrix to accommodate both 
molecules, when the critical concentration of glycerol is exceeded however, CTAB is excluded from the 
bulk of the PVA film, causing it to segregate to each interface. 
It is also possible that the addition of glycerol is speeding up the migration of CTAB from the polymer 
film.  If the migration rate of CTAB to the surface is slow, because of the increased viscosity of spin-cast 
polymer films,212 it may be that the addition of plasticiser simply speeds up migration, to a rate where 
visible migration and agglomeration at the surface and substrate interface is visible in the 30-60 seconds 
between film spin-casting and vitrifying with liquid nitrogen.  Plasticisers have been shown to decrease 
the viscosity of polymers,213 therefore this explanation could also stand for describing the segregation of 




Figure ‎6.4.  RBS data and fits for the depth distribution of 25% CTAB in mixed PVA/glycerol films as a 
function of glycerol content.  Data are offset for clarity and annotated with glycerol content. 
 
 
Figure ‎6.5.  Depth profiles corresponding to the previous DataFurnace fits: black (0%), red (10%), blue 
(20%) and green (30%). 
 
The presence of surfactant in a ternary film was shown to have a significant effect on plasticiser 
distribution in the previous chapter, causing the homogeneous distribution of glycerol to be perturbed 
when even small concentrations of non-ionic were present at the surface.  As CTAB shows surface 
segregation in thin films when plasticised, it is possible that the distribution of glycerol in ternary films 
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will also exhibit non-homogeneous behaviour.  The concentration of CTAB was kept constant at 20 w% 
whilst the amount of plasticiser in the film was varied at 10, 20 and 30 w%.  Figure ‎6.6. displays the data, 
fits and concentration profiles (inset), it can be seen that despite the segregation behaviour displayed in 
the CTAB profiles in Figure ‎6.5., only homogeneous distribution is seen for the plasticiser.  These results 
imply there is no favourable interaction between the surfactant and plasticiser, which is entirely 
consistent with the hypothesis that CTAB segregation is driven by incompatibility with glycerol, possibly 
due to the lack of H-bonding sites compared to C12E5.  Judging by the thickness of the glycerol layer 
(~130-150 nm) there does however appear to be some partitioning of plasticiser within the films, for 
example taking the total thickness of the 20% h-glycerol sample from the previous figure and subtracting 
the thickness of  both excesses gives 131 nm.  Considering the variance in film thickness between samples 
this is quite similar to the thickness of the glycerol layers found when deuterating the plasticiser, 
suggesting glycerol does not span the entire width of the polymer film, and instead resides mainly in the 
region between each surface excess.  Compatibility of the plasticiser and CTAB is clearly an issue within 
the film, with the two compounds having difficulty to co-locate.  The discrepancy between the fit and the 
data at ~12.8 MeV for the 30 w% d5-glycerol sample could correspond to a region of reduced plasticiser 
concentration related to where CTAB is enriched. 
 
 
Figure ‎6.6.  NRA data and fits for 10 (open circles, black), 20 (closed squares, red) and 30% (open 






 Summary of CTAB Segregation Patterns 6.1.3.
By investigating the first cationic surfactant in this study some interesting trends have been 
uncovered.  In binary films CTAB has been shown to exhibit homogeneous distribution, which had not 
been displayed for any surfactant so far.  This is thought to be due to its increased surface tension 
compared to other surfactants, hence migration to the surface results in no favourable change in the SE of 
the system.  Up to now the addition of plasticiser has only had the ability to either enhance or reduce the 
segregating nature of a surfactant in thin PVA films, but here it has demonstrated the ability to completely 
change the nature of CTAB, causing it to become surface active when it does not show segregation 
tendencies in binary PVA films.  The plasticiser was shown to have no effect in low concentrations, 
another trait which has not been discovered before, as even small amounts of glycerol have been shown 
to effect surfactant segregation in chapter 5.  The fact that CTAB only exhibits segregation upon 
plasticisation with glycerol, which it has little impetus for favourable interaction with due to the lack of H-
bonding sites, supports the theory that compatibility of components is something which has a significant 
effect in determining segregation behaviour.  If cationic surfactants can exhibit such activation behaviour 
it is of interest to explore the nature of anionic surfactants also. 
 
6.2. Segregation of Sodium Dodecylsulphate (SDS) in PVA Film 
One of the most prominent ionic surfactants in the academic literature214-216 is sodium 
dodecylsulphate (SDS).  SDS contains a Na+ counter-ion as opposed to CTAB’s Br-, making it an anionic 
surfactant.  Although the counter-ion was used to monitor surfactant distribution for CTAB, Na+ is not the 
heaviest element within the surfactant.  Sulfur has the largest atomic mass and should therefore provide 
the best basis for analysis with RBS, as it has the highest contrast to the other elements present.  However 
as it is significantly lighter than Br-, the contrast between the surfactant and other elements present will 
be less.  It will therefore be more challenging to fully separate its scattering from Si.  SDS can be found in 
many heavy duty detergents used in industry due to its effectiveness when removing oily residues from a 
variety of materials, although linear alkylbenzene sulphonates (LAS) are more commonly used in modern 
formulations.217  Although SDS is not included in the laundry detergent used in liquitabs, it offers a wide 
array of background literature due to its presence as a model surfactant for many studies.214-216  SDS has 
been used to customise the properties of polymer films before,218 where it was shown to effect the tensile 
strength, elongation at break of plasticised soy protein isolate films even in small concentrations.  SDS is 
generally not found in detergent products due to the presence of the sodium counter-ion which can affect 
the pH of the detergent and therefore the efficiency of any enzymes present.219  However, despite these 
effects SDS has never had its distribution within polymer films be analysed.  In the following sections, for 
the first time SDS segregation behaviour and distribution in PVA films is explored.   
 
 
Figure ‎6.7.  Chemical structure of sodium dodecyl sulphate (SDS) 
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 Segregation of SDS in Binary Films 6.2.1.
Initial segregation studies were performed using RBS as, if isolation of the surfactant distribution was 
possible with this technique, a deuterated analogue of the material would not be required.  Figure ‎6.8. 
shows the backscattering spectrum from a sample containing 20 w% h-SDS in PVA.  Scattering above 0.7 
MeV is from the heavier elements in the sample, and below 0.7 MeV from Si, C and O.  Upon initial viewing 
of the raw data it was thought that SDS was present in higher concentrations at both the air interface 
(0.95 MeV) and the silicon interface (0.75 MeV) due to the increase in counts seen at these energies.  
However, this was disproven upon fitting with DataFurnace by exporting a separated spectrum 
(Figure ‎6.9.).  From the linear separated spectra, there is evidence of a surface excess of SDS shown by the 
increase in counts at 0.95 MeV, although it is not conclusive within the error of the measurement.  What 
was initially thought to be a substrate excess of surfactant was in fact a reiteration of the surface excess 
caused by backscattering of 4He from the sodium counter-ion, emphasising the need for careful fitting of 
IBA data.  It became apparent from these results that a deuterated analogue of the surfactant must be 
obtained in order to isolate its distribution from the PVA matrix, as overlapping of scattering profiles for 
different elements would make accurate interpretation very difficult.  A sample of d25-SDS was obtained 
from RAL for use with neutron experiments.  In order to perform a preliminary experiment as a prelude 
to submitting a neutron proposal, 0.5 g of the deuterated surfactant was sent to Durham from Dr. Peixun 









Figure ‎6.9.  Separated RBS spectra of the previous data, displaying each of the constituent elements 
present in the sample with a zoomed and non-logarithmic plot shown in the inset. 
 
NRA experiments with d25-SDS were performed on binary films of surfactant and PVA.  Figure ‎6.10. 
shows the data obtained for 10 and 20 w% d25-SDS in PVA.  Clear evidence of surface activity of SDS is 
confirmed, forming an excess of 18 nm and 23, 43 at. % for 10 and 20 w% d25-SDS, respectively.  To 
explain this spontaneous segregation behaviour, surface energy/tension arguments are used.  Much work 
has been done on the calculation of surface tension for SDS, both in its ‘pure’ form and in aqueous 
solution.  Mysels220 quotes values from several authors with pure SDS surface tension values ranging from 
48.4 - 52.5 mNm-1, obtained using the maximum-bubble-pressure method.  These values are generally 
higher than that established for PVA, so spontaneous migration may not be expected, but migration is 
plainly visible in the experimentation.  Aqueous solutions of SDS do however exhibit the lower surface 
tension values that might be expected from the spontaneous migration seen in the IBA experiments.  
Solutions of > 5×10-3 M exhibited surface tension values of < 35 mNm-1,221 significantly lower than the SE 
established for PVA.  As the surfactant is dispersed in a larger polymer matrix, surface tension values in 
solution are perhaps more relevant than those calculated for the pure surfactant.  A powerful feature of 
NRA is that it allows the surface excess of the surfactant to be determined directly, and it appears that 
there is a layer of ~18 nm of ~50 at. % deuterated surfactant at the air surface.  Although the surface 
layer is only ~50 at. %, the total thickness of the layer is very significant.  Molecular simulations have 
shown the average length of an SDS molecule to be 1.36 ± 0.07 nm,222 therefore the layer observed is 
much thicker than could be accounted for by a monolayer of surfactant at the surface.  Although NRA 
lacks the resolution required to characterise the orientation of the d25-SDS molecules, it clearly reveals 




Figure ‎6.10.  NRA data and fits (inset) for 10% (red, squares) and 20% (blue, triangles) d25-SDS in thin 
PVA films.  The derived concentration profiles of d25-SDS correspond to the fitted curves. 
 
Complimentary NR experiments were performed with a similar sample set-up to that described 
in ‎5.1. (ambient conditions), which also detected a significant surface excess of d25-SDS, as the NRA results 
did.  It is possible to see that the thickness and concentration of the surface excess detected does differ 
between the techniques, differences in surface excess characteristics are likely to arise from differences in 
total film thickness between NRA and NR samples.  As NR offers increased depth resolution in 
comparison to NRA, it is perhaps more likely that a higher concentrated, thinner surface excess has 
formed in both sample environments, but it could not be resolved with NRA.  The surface excess detected 
with NR is still thick enough to correspond to a wetting layer however, being over twice the length of an 
all-trans SDS molecule.  A similar feature is seen to what was apparent with d25-C12E5, where the 
concentration of the surface excess does not exceed beyond a particular point, regardless of surfactant 
concentration.  For C12E5 this concentration maximum was reached at 70 at. %.  Figure ‎6.11. shows the NR 
data for d25-SDS in binary films with PVA, as can be seen at concentrations ≥ 10 w%, a maximum is again 
reached at ~ 70 at. %, with any additional surfactant being found in the bulk.  The fact that a similar 
limiting surface excess concentration was found for each surfactant implies that a pure layer (100 at. %) 
of surfactant cannot form in binary films, and PVA must be present as a significant portion of the excess in 
order to stabilise it.  The humidity results from chapter 5 do however suggest that moisture absorbed 
from the atmosphere is also capable of contributing to the stabilisation of surfactant layers, allowing pure 
surfactant layers to form on the surface of the films, stabilised by interstitial layers of water-plasticised 
PVA.  As part of the neutron proposal for these experiments the effects of temperature variation on 
surfactant segregation was studied.  Samples containing 20 w% d25-SDS were analysed at room 




temperature stage during analysis causes no discernible change in surfactant segregation.  Although 
storage temperature is certainly a problem for industrial films, as it can increase the rate of migration of 
compounds from the bulk, or cause the polymer to deteriorate, studying temperature changes in thin 
films did not indicate any contribution to instability from surfactant distribution.   
 
 
Figure ‎6.11.  Neutron reflectometry data (offset) and fits for 5% (black, open circles), 10% (red, open 
triangle) and 20% (blue, open circles) d25-SDS in thin PVA films.  The derived concentration profiles of 








Figure ‎6.12.  NR data for a thin spin cast PVA film cast from a 4 w% solution containing 20 w% d25-SDS, 
analysed at room temperature (open triangles, red), 30 °C (open circles, blue) and 40 °C (open squares, 
black). 
 Segregation of SDS in Ternary, Plasticised PVA Films 6.2.2.
So far glycerol has shown opposing effects on a non-ionic and cationic surfactant, decreasing the 
surface activity of one and increasing the other, despite showing no inherent surface activity itself.  This is 
explained by the increased compatibility between the non-ionic surfactant, glycerol and PVA, induced by 
the large number of H-bonding sites present on all molecules, compared to the lack of H-bonding sites 
present on CTAB, which therefore causes no such increased affinity.  SDS has a similar sized head-group 
to CTAB, also containing four polar bonds as CTAB does, so may be expected to exhibit similar segregation 
behaviour to the anionic surfactant in binary films with PVA, it does however have a significantly shorter 
alkyl chain.  Affinity to glycerol has however been shown to be very important in determining segregation 
behaviour, therefore if the S-O moiety present in SDS can more effectively H-bond to glycerol compared to 
the N-H moiety in CTAB, segregation behaviour may be very different in plasticised films.  Figure ‎6.13. 
shows NRA data, fits and depth profiles for ternary SDS films.  It can be seen that glycerol does in fact 
decrease the compatibility of surfactant and polymer significantly, causing the volume of surface excess of 
d25-SDS to more than double.  Within the depth resolution of NRA, glycerol appears to remain 
homogeneously distributed within the film, whilst causing additional surfactant to segregate, similar to 
the result seen for CTAB, suggesting little favourable interaction between surfactant and plasticiser.  
When analysing similar samples with NR however, significantly more information is gained due to having 
a depth resolution of < 0.5 nm.  Figure ‎6.14. shows the scattering and calculated d25-SDS concentration 
profiles for 5, 10 and 20% d25-SDS in plasticised (20 w%) films.  Similarly to what was seen previously for 
C12E5 under humidity control a Bragg peak at high Q (~0.15 Å-1) is present.  Fitting this Bragg peak in 
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plasticised SDS films again reveals significant surfactant structuring within the surface excess.  As there 
are relatively thin regions between each of the surfactant-rich layers, inclusion of the roughness 
parameter may cause the results to be misinterpreted, so depth profiles are plotted from thickness and 
SLD parameters only, an example highlighting the differences between a concentration profile with and 
without roughness considerations is given in ‎12.3.  No structuring is evident at the lowest surfactant 
concentration of 5% d25-SDS, suggesting that it requires a higher loading of surfactant within the film to 
have the required quantity to form a multilayer.  At 10% loading of SDS the film exhibits presence of a 
single additional layer, and upon increasing to 20% a series of surfactant-rich layers can be seen.  This 
suggests that the extent to which SDS forms multi-layers in PVA films is directly correlated to the loading 
of surfactant.  Here, 20 w% was the highest concentration studied but it would be of interest to explore 
the extent to which a stable multilayer can form as surfactant concentration is increased further.  It is 
worth noting that the concentration of the surfactant-rich layers in ternary films is capable of increasing 
past the ‘cap’ at 70 at. % as was found in binary films.  It would appear that glycerol addition removes the 
need for PVA to be present in the film surface.  To explore the routes by which this occurs the deuterium 
labelled components were again switched, to resolve the influence of h-SDS on d5-glycerol. 
 
 
Figure ‎6.13.  NRA data, fits and composition profiles for 20% d25-SDS and 10% h-glycerol (red, circles), 
with 20% d25-SDS and 20% h-glycerol (blue, triangles) and 20% h-SDS and 10% d5-glycerol (black, 





Figure ‎6.14.  NR data (offset), fits and composition profiles for 5% d25-SDS and 20% glycerol (black, open 
circles), 10% d25-SDS and 20% glycerol (red, open triangles), 20% d25-SDS and 20% glycerol (blue, open 
squares) in thin PVA films. 
 
Previously, it was shown for C12E5 containing samples under relative humidity control (‎5.1.5.) that 
both plasticiser and water were present in the regions of depleted SLD seen in between surfactant-rich 
layers.  As the initial SDS samples studied here were analysed under ambient conditions however, the 
presence of water in the sample was note explored directly.  It is expected that glycerol is primarily 
supporting the formation of the SDS multilayers seen in Figure ‎6.14., as it is unlikely that PVA resides in 
these interstitial regions, or a multi-layered surface feature like this would have been seen in binary SDS 
films (Figure ‎6.12.).  Exchanging of the labelled components yielded the scattering seen in Figure ‎6.15.  
There is noticeably an increase in the size of the error bars at Q ~0.02 Å-1 in the d5-glycerol sample; this 
may be due to a problem when the NR data from the first and second measurements at 0.25 and 0.65 φ 
was ‘stitched’ together.  If the data from the two angles were not overlapped precisely it could give the 
increased error values when extracting the data.  A change in film thickness over the course of the 
experiment would also produce a similar increase in error, but as no evidence of a change in film 
thickness has been reported previously this is deemed unlikely.  Nevertheless the data over the rest of the 
Q range is of sufficient quality to analyse with MotoFit.  An example of how increasing structuring within 
the surface excess can provide progressively better fitting of a Bragg peak at high Q is visible in 
Figure ‎6.15.  The best fit was achieved when four discrete glycerol concentrated layers were included in 





Figure ‎6.15.  NR data, fit and depth profile for 20% h-SDS, 20% d5-glycerol in a thin PVA film, plus 4 trial 
fits for increasing layers of glycerol at the surface of the film. 
 
 
Figure ‎6.16.  Combined plot of the previous data, plus the complementary sample (20% d25-SDS, 20% 
glycerol) with removal of the roughness parameters.  A zoomed plot of the surface excess (inset), h-SDS 
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profile inverted (grey) with layer thickness values displayed for each profile outside of axis displaying the 
degree to which the plots agree. 
Overlaying the two depth profiles for 20 w% d25-C12E5 and 20 w% d5-glycerol provides a visual 
insight into the surfactant multilayer structure on the surface of these films (Figure ‎6.16.).  The overlaid 
plots for complimentary profiles are in excellent agreement.  The thickness of each layer of the fit is given 
in the inset of the previous figure and as can be seen the values for both the SDS layers and glycerol layers 
are in excellent agreement.  One discrepancy between the two fits is the discovery of an additional 
segregated layer in the d5-glycerol sample, it appears that another surfactant depleted layer should have 
been present closest to the bulk of the film rather than the 59 Å layer, as the concentrated glycerol layer 
directly intersects this region.  However, considering that the two samples are completely separate from 
one another and subject to some variance in film thickness and composition, the agreement between the 
plots is still astounding regardless of this discrepancy.  The thickness values in Å of each layer can provide 
an insight in to the nanostructure of the surfactant which is discussed in the following section.  
 
 SDS Nanostructure 6.2.3.
Due to the sensitivity of NR, some information on the spatial arrangement of the surfactant within the 
matrix has been established.  Figure ‎6.18. depicts the proposed surfactant nanostructure, it is thought the 
surface excess could be accounted for by ellipsoidal micelles, arranged in this fashion from the obtained 
thickness and concentration values.  Hammouda 146 established by small-angle neutron scattering (SANS) 
on aqueous SDS solutions of varying concentration and temperature, that the longest half axis (Ra) of an 
ellipsoidal SDS micelle is ~21 Å at 20 °C.  This means the longer diameter of a SDS micelle is ~42 Å, which 
is roughly the thickness of the SDS surface excess in Figure ‎6.11.  The shortest half axis (Rb) is 
approximately 15 Å, so assuming micelles are packing adjacently in the same orientation at the surface, 
they would occupy ~ 19.8 nm3 each, taking a cuboid of the same dimensions (Figure ‎6.17., 37.8 nm3) 
would mean that the maximum concentration of surfactant at the surface would be 52.4%.  This 
calculated value is lower, but comparable to the surface excess maximum (65-70 %) discovered from the 
NR results.  As surfactant molecules exist in equilibrium between their monomer and micelle state 83 it is 
possible that there may be additional surfactant present between each micelle in the polymer matrix, 
causing the surfactant concentration at the surface to increase slightly.  Note that while ellipsoidal 
micelles are consistent with the thickness of the layer, they do not account for surface activity since the 




      
Figure ‎6.17.  Schematic representation of how maximum ellipsoidal volume is calculated in surfactant 
surface excess if micelles are forming, a=21 Å, b=15 Å and c=15 Å. 
 
In the presence of plasticiser, it appears that the ellipsoidal micelle breaks down to form a multi-
lamellar structure, consisting of a series of SDS bi-layers separated by regions of glycerol.  It is possible 
that the uppermost surfactant layer could present low surface energy hydrocarbon chains to the film 
surface.  From the NR results collected this appears to be the only logical nanostructure as no other 
arrangements could give such pure surfactant layers of the observed thickness, separated by highly 
concentrated layers of glycerol.  Formation of SDS lamellae parallel to a substrate has been previously 
documented by evaluation of surface charge density, scanning-electron microscopy and AFM.223  
Thickness of SDS lamellae have also been characterized by Coiro et al.224 to be of ~4 nm, with a separating 
phase in low water containing solutions of ~2 nm.  These values are similar to the thickness of SDS and 
glycerol layers calculated in this study.  The micelles to lamellae transition (discussed more in 
chapter ‎2.2.2.) has also been observed in aqueous solution for a surfactant with similar structure to SDS; 
sodium dodecylbenzenesulfonate (NaDoBS).225  Here, dehydration of the head-group by addition of a salt 
causes an increase in counter-ion binding, allowing electrostatic repulsions between head-groups to be 
overcome more easily, hence facilitating closer surfactant packing and lamellae formation.  Coiro et al.224 
also state that the presence of water in the middle of the ‘polar slab’ encourages lamellae development as 
it screens the ion-ion interactions and forms hydrogen bonds between the sulphate groups of opposing 
monolayers.  It is proposed that the addition of glycerol similarly allows increased H-bonding between 
the head groups of neighbouring surfactants, again overcoming electrostatic repulsions and allowing 
closer packing, leading to the formation of lamellae.  Figure ‎6.19 depicts the proposed lamellar structure, 
as well as possible hydrogen bonding interactions in the ‘polar slab’.  These results suggest that 
plasticisation in PVA films will enhance the surface segregation of some ionic surfactants, which may have 
implications when plasticised PVA films are present in surfactant-rich environments as blooming of 
surfactants to the film surface will occur. 
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Figure ‎6.18.  Schematic representation of theorised ellipsoidal micelle arrangement in a binary film of d25-
SDS (blue) and PVA (grey). Length of SDS and dimensions of ellipsoidal micelle obtained from reference 
Sammalkorpi 222 and Hammouda 146 respectively.   
 
 
Figure ‎6.19.  Schematic representation of theorised multi-lamellae arrangement in a ternary plasticised 
film of SDS (blue), glycerol (red sphere) and PVA (grey). Diameter of glycerol and width of lamellar 
obtained from Kiyosawa226 and Coiro224 respectively. 
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 Surface Topography of Thin, SDS-Containing PVA Films 6.2.4.
Previously the surface effects of plasticisation and C12E5 addition were studied with AFM and 
significant changes in the height and adhesion maps were observed with the build-up of surfactant at the 
air interface.  As SDS has been shown to form a larger surface excess than C12E5, containing complex 
surfactant-glycerol structures under ambient conditions, it is predicted that this should also be detectable 
when analysing the films surface topography.  The same method used previously is applied here, whereby 
the validity of each AFM image is tested by taking five separate scans at various points on the film, and 
compared to each other in order to see if similar features are observable.  If there was very little variation 
between the AFM images, then the best quality image was chosen and plotted in the figures shown.  
Firstly a non-plasticised PVA film containing SDS was studied (Figure ‎6.20.), the range of height obtained 
from this sample is the same as what was found for PVA (Figure ‎5.14.), so although the film appears 
rougher visibly, there is little evidence for surfactant structures situated on the surface of the film when 
analysing the height map alone.  The level of adhesion is greatly increased however which may be caused 
by SDS as the samples only differ by the presence of surfactant.  As the melting point of SDS lies between 
204-207 °C,227 pure SDS is solid at room temperature, so an increase of adhesion with surfactant addition 
is unexpected.  From the IBA and NR experiments SDS is known to segregate to the surface of these films 
at approximately 70 at. %, with PVA making up the remaining concentration.  If the micelle structures 
suggested in the previous section are forming at the surface, mixed with PVA, this could perhaps be used 
to explain the increase in adhesion.  If non-adhering micelles are present just below the films surface, 
with filled PVA regions between them, as is depicted in Figure ‎6.21., then they could affect the adhesion 
profile of the film without being detected in the height map.  This structure would lead to thinner PVA 
regions just above the micelles, which would exhibit a reduced adhesion compared to regions where 
there is more polymer present.  So although the overall adhesion of the film is not increasing upon the 
addition of SDS, the range of adhesion is being affected significantly due to the large contrast between 
surfactant and PVA rich regions depicted by the arrows of varying length in Figure ‎6.21.  It is also possible 
that the SDS micelles are hydrated,228 hence their polar shells have retained some water content.  This 
could cause slight plasticisation of the polymer surrounding SDS micelles, hence changing their adhesive 
properties.  Upon plasticisation of these films, NR results show formation of large surfactant-glycerol 
multi-layers on the surface, due to the large contrast in height compared with the PVA film these features 





Figure ‎6.20.  AFM topographic height map (bottom) and adhesion (top) for a thin spin-cast 20% SDS, 80% 
PVA film on silica substrate. 
 







Rq/ nm Ra/ nm Kurtosis 
PVA 1.0 10.0 0.19 0.15 3.34 
PVA + 20 w% Glycerol 1.7 17.5 0.25 0.19 5.36 
PVA + 20 w% SDS 1.0 30.0 0.21 0.16 2.94 
PVA + 20 w% SDS + 20 w% Glycerol 2.5 115.0 1.14 0.71 3.08 
 
 
Figure ‎6.21.  Schematic representation of how ordered micelle phase at the surface of the film can create 




Figure ‎6.22. shows the adhesion and height map for a 20 w% SDS, 20 w% glycerol and 60 w% PVA 
film, large changes in both maps are visible with plasticisation.  The film appears to develop large, 
relatively flat, structures on the surface of the film, which have reduced adhesion.  Overlapping of these 
features is clearly visible in Figure ‎6.23.  Surface features of this magnitude can only be accounted for by 
the formation of the SDS-glycerol structures seen in ternary films with NR.  It has been suggested by the 
binary films that SDS structures will likely exhibit reduced adhesion.  Hence if pure SDS lamellae are 
forming on the films surface as the NR data suggests, it would be expected that these structures exhibit 
crystalline behaviour.  This would explain the reduction in adhesion as the probe is less likely to adhere 
less to a crystalline material in comparison to a plasticised polymer.  By performing cross-sectional 
analysis through the surface features using the NanoScope software, the approximate height of the 
features was found to be ~3 nm.  This is much thinner than the thickness of the surface structure 
observed with NR (~17 nm).  It is possible that only a single SDS lamella is present on the surface of the 
film, causing these features, as the established thickness of SDS lamellae is ~4 nm, comparable to the 
height observed here.  Despite this difference in excess thickness between techniques, the increased 
surface segregation of SDS with the addition of glycerol has now been shown by NRA, NR and AFM.  The 
presence of water as a plasticiser in non-ionic surfactant films was also shown to have interesting 
implications on segregation (chapter 5.6.).  Humidity control NR experiments similar to those performed 
for the non-ionics are done for SDS in the following section. 
 
 
Figure ‎6.22.  AFM topographic height map (bottom) and adhesion (top) for a thin spin-cast 20% SDS, 20% 




Figure ‎6.23. Top-down view of the height (left) and adhesion (right) maps for 20% SDS and 20% glycerol 
in 60% PVA spin cast thin film on a silica substrate. 
 
 SDS Segregation Under Humidity Control 6.2.5.
Humidity control with NR has so far yielded varying results.  It was found that increased humidity 
caused increased water absorption in to thin films, resulting in an increase in film thickness.  The total 
amount of plasticiser (water + glycerol) hence increased with increasing humidity.  In non-ionic 
surfactant containing films which were co-plasticised by water and glycerol it was seen that as humidity, 
and hence water concentration in the film increased, surfactant segregation was also increased.  This was 
unexpected as plasticisation with glycerol caused a decrease in surface excess under ambient conditions 
(chapter ‎5.1.3.), so it is unexpected that further plasticisation with water would reverse this effect.  It was 
also found that water would replace glycerol in the interstitial regions between surfactant-rich layers 
(chapter ‎5.2.2.) which appeared to cause increased segregation.  Figure ‎6.24. shows NR data for binary 
films of SDS and PVA, in comparison with the samples studied without humidity control the surface 
excess has increased significantly.  Furthermore, the bulk concentration of surfactant has also decreased 
to levels seen in plasticised PVA films under ambient conditions.  This could be a feature of the reduced 
film thickness measured for samples studied under humidity control, as there is less polymer for the 
surfactant to be dispersed in with a thinner film, hence increased segregation may occur.  Regarding this 
particular sample set however, the exact same solution and sample preparation method was used to 
create all four samples, so in the initial, spin-cast state should be identical for all samples.  Therefore any 
change in surfactant behaviour and film thickness here is a result of the varying humidity, not a change in 
the amount of polymer in the film.  It appears plasticisation with water is having a similar effect to 
plasticisation with glycerol, in allowing more surfactant to segregate at the surface.  Interestingly, 
reduced structuring within the excess is seen compared to the glycerol plasticised atmospheric samples 
(Figure ‎6.14.), which either implies that water is not permitting the same level of complex structures to 
be formed when it is the only plasticiser present, or there is a loss of resolution in the measurement as 
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there may be water adsorbed on the films surface.  This decrease in resolution may mean that structuring 
cannot be detected to the same extent as it could previously.  There does not appear to be a specific trend 
concerning the surface excess with increasing humidity however, and the only notable change at higher 
humidity is a depleted surfactant region on the surface of the film, followed by an increased excess of SDS 
below this.  This could be caused by significant water adsorption on the surface of the film, which only 
contains a small amount of surfactant and PVA, under which a surfactant-rich layer resides. 
 
 
Figure ‎6.24.  NR data (offset), fits and composition profiles for 20w% d25-SDS PVA films subjected to 
23%RH (blue), 33%RH (red), 55%RH (black) and 85%RH (green) environments.  Each increment on the 
depth profile accounts for 0 to 100 at. % of d25-SDS. 
 
Under atmospheric conditions addition of glycerol caused a significant increase in the amount of SDS 
seen at the surface.  Here the same conclusion was reached when studied under humidity control.  A 
multi-lamellar structure is seen on the surface of each film at 23, 33 and 55 %RH (Figure ‎6.25.), although 
the total thickness of the excess (~ 10 nm) appears reduced compared to samples studied under 
atmospheric conditions (~ 17 nm).  The 85 %RH sample data could not be fitted using this model, but it is 
notable that the particularly sharp Bragg peak at Q ~0.15 Å-1 is clearly evident, suggesting a very well-
defined multi-lamellar structure is also present at 85 %RH.  The thickness of the individual surfactant 
layers is not as consistent as was found for the ambient samples, so the exact SDS nanostructure could not 
be established for this set of samples.  Although the data for 23, 33 and 55 %RH look very similar, the 
Bragg peaks at Q ~0.2 Å-1 are relatively broad, therefore do not correspond to a single, well-defined layer 
spacing.  The differing profiles obtained shows that the fits cannot be considered to be truly unique.  
There does appear to be increased surfactant segregation with increasing humidity however, as both the 
33 and 55 %RH samples exhibited a surface excess with three surfactant-rich layers, whereas the 23 %RH 
sample exhibited an excess with only two.  This result is in line with what was seen for the binary SDS 
samples and plasticised C12E5 samples, suggesting a decrease in compatibility of SDS with the PVA film 
upon increasing plasticisation with water and glycerol, which was also seen for the ambient samples.  
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Exchanging of the labelled components as done before will reveal whether water or glycerol is occupying 
the regions between the surfactant-rich layers.  The non-ionic results (chapter ‎5.2.) showed that water 
possesses the ability to replace glycerol in the interstitial regions at high relative humidity. 
 
 
Figure ‎6.25.  NR data (offset), fits and composition profiles for 20 w% d25-SDS, 20 w% h-glycerol PVA 
films subjected to 23%RH (blue), 33%RH (red), 55%RH (black) and 85%RH (green) environments.  Each 
increment on the depth profile accounts for 0 to 100 at. % of d25-SDS. 
 
Figure ‎6.26. shows the depth profiles for deuterated glycerol within these samples.  Some surface 
segregation of plasticiser is found in all ternary samples, but in comparison to the data obtained without 
humidity control, the segregation appears vastly reduced.  Where before there were highly concentrated 
interstitial layers of glycerol separating the SDS layers, now the glycerol concentration within these layers 
is reduced.  There is some evidence for a small amount of glycerol being present between the surfactant 
layers, as the peaks in the d5-glycerol data correspond roughly to the depleted regions between the SDS 
layers in Figure ‎6.25.  It is possible that as water and glycerol are sufficiently compatible they are co-
existing between the surfactant-rich regions.  As the SLD of water (-0.56×10-6 Å-2) is lower than that of d5-
glycerol (4.91×10-6 Å-2) any water co-located with glycerol would cause a reduction of the SLD, which 
when analysing the SLD profiles produced via fitting would give a lower final concentration of plasticiser.  
This postulate is supported by the decrease seen in surface concentration of glycerol with increasing 
humidity.  If more water is present in the system, especially in the interstitial regions as humidity 
increases, a reduced SLD would be expected, and therefore the calculated glycerol concentration would 
be reduced.  From Figure ‎6.26. this is evident as the glycerol concentration at 85 %RH is much smaller 
than what is seen at 23 %RH.  Within the uncertainty of the fit, it is debatable whether the d5-glycerol 
excess is real.  The presence of water acting as a plasticiser and allowing the formation of surfactant 
multilayers is apparent, signifying that complex surface structures can be formed even in binary PVA 





Figure ‎6.26.  NR data (offset), fits and composition profiles for 20 w% h-SDS, 20 w% d5-glycerol PVA films 
subjected to 23%RH (blue), 33%RH (red), 55%RH (black) and 85%RH (green) environments. Each 
increment on the depth profile accounts for 0 to 100 at. % of d5-glycerol. 
 
 Summary of SDS Segregation Patterns 6.2.6.
The segregation behaviour of SDS in PVA has been studied in a variety of environments.  In binary 
films with PVA the surfactant showed spontaneous segregation to the surface of thin PVA films, thought 
to be brought about the reduced surface energy of the surfactant compared to PVA.  It was apparent that 
there existed a concentration ‘cap’ for the amount of SDS which could be present at the surface in binary 
films, due to the concentration and thickness of this capped excess, plus suggestions from AFM analysis, it 
was theorised that a layer of SDS ellipsoidal micelles were present just below the surface of the thin films.  
Upon plasticisation of these films with glycerol the amount of surfactant seen at the surface increased 
significantly.  This was explained by formation of a SDS-glycerol multi-lamellar arrangement at the 
surface of the film, where the plasticiser allowed closer head-group packing of SDS, causing a transition 
from micellar to lamellar structure.  The study of non-plasticised PVA films under controlled relative 
humidity gave much the same results as this, again suggesting formation of a surfactant multilayer, except 
water now comprised some of the ‘polar slab’ regions in-between surfactant-rich layers.  By increasing 
the relative humidity around these samples whilst keeping sample composition the same it was found 
that as a result of increasing water concentration in the film, and hence increased plasticiser 
concentration, SDS surface segregation was increased further.  These results suggest that the inclusion of 
ionic surfactants into plasticised, solution-cast, PVA films could lead to substantial spontaneous migration 
of surfactants to the films surface.  Significant build-up of surfactant structures on the polymer surface 
have potential to interfere with the binding and inter-diffusion process of the polymer films used to form 






6.3. Additional Surfactant Segregation in Thin PVA Films 
The primary surfactants used in this study have now had their distribution behaviour discussed, but 
these were not the only surfactants trialled for analysis.  In the following section the behaviour of two 
additional surfactants in PVA film is discussed.  These were chosen for their relevance to industrial 
formulations for unit dose detergent applications. 
 
 Sodium Dodecylbenzenesulphonate (SDBS) Segregation in 6.3.1.
Binary Films 
SDBS (Sigma-Aldrich, 289957) was purchased and studied with RBS.  This surfactant has the same 
sulphonate head group as SDS, but contains a hydrophobic tail-group of significantly increased mass by 
presence of a benzene moiety between the head-group and the hydrocarbon tail (Figure ‎6.17.), giving it a 
HLB of 5.9.  This surfactant falls into a group known as linear alkylbenzene sulphonates (LAS), a set of 
compounds found more commonly in detergents than the ones studied so far. 71  Although a deuterated 
analogue of sodium dodecylbenzenesulphonate (SDBS) could not be obtained, it was known from the SDS 
work in chapter ‎6.2.1. that at least a surface excess would be detectable with IBA by using RBS to probe 
the position of the sulfur atom present in the surfactant.  Samples were made containing 20 w% of SDBS 
in PVA and spin-cast.   
   
 
Figure ‎6.27.  Chemical structure of sodium dodecylbenzensulphonate (SDBS) 
 
The resulting scattering is presented in Figure ‎6.28.; as was apparent with SDS, a surface excess of 
SDBS is visible at ~ 0.9 MeV.  The scattering from SDBS produced much clearer peaks than for SDS, 
perhaps due to a smoother film being formed for SDBS, which allowed for better analysis.  As before, two 
peaks are visible above 0.7 MeV, a lower energy peak representative of Na and a higher energy peak for S.  
Fitting the surface excess is relatively straight-forward as scattering from sulfur is easily distinguishable 
from the other scattering within the sample; however it was also possible to quantify a buried excess due 
to the clarity of data obtained.  Figure ‎6.29. shows the scattering from the sample plus two fits, one for a 
surface excess of SDBS followed by even distribution (solid, black) and another which contains a 
substrate excess (solid, blue).  As can be seen from the zoomed plot and depth profile, the initial fit 
characterises the higher energy peak well, but underestimates the counts per channel of the sodium peak.  
Initially it was thought that perhaps more than one sodium counter-ion was present per surfactant 
molecule (i.e. additional salt was present), which would give the same effect (increased counts per 
channel at ~0.7 MeV), however after some consideration it appeared that the thickness of the film (~260 
nm) gives exact overlapping of the substrate S and surface Na.  Therefore it is possible to quantify a 
121 
 
substrate excess of SDBS, although not as accurately as what could be achieved with a deuterated 
analogue.  By increasing the amount of SDBS present at the substrate the counts could be increased until a 
reasonable fit was achieved.  It is intriguing that there appears to be a substrate excess for SDBS, whereas 
with SDS there was not, with the molecules only differing in chemical structure by introduction of a 
benzene ring.  The surface tension values of the two surfactants also differ very little,229 so this could not 
be used to explain the substrate segregation.  SDBS does however contain a larger hydrophobic portion, 
so is therefore less compatible with the polymer matrix; this could lead to increased exclusion from the 
bulk and therefore increased segregation. 
Although it is apparent that surface energy values are what determine whether migration will occur 
or not, it is still unclear what determines whether a surfactant will be surface segregating, substrate 
segregating, or both.  The increase in molecular weight from SDS to SDBS could be the cause of substrate 
migration, which has perhaps resulted in a change in micelle shape and structure, affecting migration 
behaviour.  The reduced HLB of SDBS (5.9) compared to SDS (8.3) could also be influential, as the 
increased molecular weight of the hydrophobic tail-group causes the surfactant to have a similar HLB to 
CTAB (6.9), which also exhibited substrate segregation.  Without further investigation it is difficult to 
pinpoint one property that determines this characteristic.  In order to observe and investigate SDBS 
micelle structure either a deuterated surfactant would need to obtained, which has proven difficult, or a 
SANS experiment in deuterated solvent could also be performed, unfortunately time did not permit 
another neutron experiment to be performed to investigate this further. 
 
 
Figure ‎6.28.  RBS data for 20% SDBS in PVA plus fits for surface excess of SDBS only (black), and surface 
excess plus substrate excess (blue). Separated spectra displaying the scattering contributions of each 






Figure ‎6.29.  Zoomed plot of RBS data from Figure ‎6.28., with associated depth profiles presented in the 
inset. 
 
 Amine-Oxide Segregation in Ternary, Plasticised PVA Films 6.3.2.
Previously it has been shown that surfactants capable of significant hydrogen bonding form glycerol-
surfactant complexes, which in-turn perturb glycerol distribution in ternary films.  It was proposed that 
monitoring glycerol distribution in surfactant containing films could help predict surfactant migration 
behaviour for surfactants which contained no elements to differentiate them from the polymer matrix.  
C12-alkyldimethylamine oxide (C12AO) is a surfactant of interest for inclusion in PVA film and detergents 
due to its effectiveness in cool or cold fabric laundering operations.230-231  The structure of C12AO is 
displayed in Figure ‎6.30.  Comparing the surfactant to SDS, it has three fewer hydrogen bonding sites, and 
it has been previously noted that SDS does not form a complex with the plasticiser.  It is therefore unlikely 
that amine oxide will, as it only contains one H-bonding site on the terminal amine oxide group, however 
SDS was an ionic surfactant, so its H-bonding sites were shielded by the presence of the sodium counter-
ion.  Amine oxides are zwitterionic, so it is plausible that the lack of a counter-ion may cause the H-
bonding site to be more exposed, hence increasing the likelihood of favourable interaction with glycerol.  
If there is sufficient H-bonding between the surfactant and glycerol it may be possible to predict C12AO 
behaviour indirectly, by studying the distribution of d5-glycerol.  It has been shown in chapter ‎5.1.3. that 
this is possible for the non-ionic C12E5.  As all other groups of surfactant had been studied; non-ionic, 
cationic, anionic, it was of interest to explore the behaviour of the last remaining group (zwitterionic) 
also.  A solution of 20 w% d5-glycerol in PVA was made and 2, 5, 10 and 20 w% C12AO was added.  NRA 






Figure ‎6.30.  MarvinSketch structure of C12 alkyldimethylamine oxide 
 
 
Figure ‎6.31.  NRA data and fits for 0% (solid squares, black), 2% (open circles, red), 5% (closed triangles, 
blue), 10% (open triangles, magenta) and 20% (closed diamonds, green) C12AO plus 20% d5-glycerol in 
thin PVA films. The calculated depth profiles are displayed in the inset. 
 
All samples exhibited homogeneous glycerol distribution, meaning that either the ability of C12AO to 
hydrogen bond to the surfactant is insufficient to disturb the distribution of plasticiser, or the surfactant 
itself does not migrate.  As the number of H-bonding regions on the surfactant is low, it cannot be 
concluded that the surfactant does not migrate, simply that there is little to no interaction between 
surfactant and plasticiser.  If interaction had been sufficient at least a surface excess of glycerol would 
have been expected as C12AO has a surface tension of 31.9 mNm-1 at 20 °C.  This is lower than the 
established ST of PVA, estimated to be ~40 mNm-1, hence surfactant adsorption would be favourable. 
In summary of the current chapter; ionic surfactant segregation has been studied in thin PVA films 
for both CTAB and SDS.  CTAB was shown to be non-surface segregating when in binary films with PVA, 
indicating good compatibility with the host polymer.  Upon plasticisation with glycerol, segregation is 
initiated to both the substrate and surface excess, thought to be due to reduced compatibility between the 
surfactant and glycerol.  SDS segregation was shown to occur in both binary and ternary PVA films under 
ambient conditions, with plasticisation causing a significant increase in the amount of surfactant in the 
surface excess.  Using NR, some information about the SDS nanostructure in plasticised PVA films is 
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uncovered.  Formation of a multi-lamella of SDS, with interstitial regions of glycerol on the surface of the 
film was found, thought to be facilitated by the presence of the plasticiser.  As no such lamellar structures 
were found in binary films with PVA under ambient conditions, but some structuring of the SDS surface 
excess was observed in binary films under relative humidity control, where water had clearly been 
absorbed from the atmosphere, it can be said that plasticisation by water also facilitates formation of 
complex SDS nanostructures in PVA films.  The increased structuring of SDS upon plasticisation with 
glycerol and water is believed to be due to the H-bonding potential of the plasticisers, allowing closer 
head-group packing through hydrogen bonding. 
Throughout each of the previous chapters, H-bonding has been deemed to be an influential factor in 
determining the segregation nature of surfactants in non-plasticised and plasticised PVA films.  There has 
been significant evidence for this in chapter 5, where the homogeneous glycerol distribution is perturbed 
upon the addition of C12E5.  Evidence for H-bonding was also suggested in chapter 6, where SDS-glycerol 
complex was formed on the surface of the film, appearing to be stabilised by H-bonding between each SDS 
lamella and the plasticiser.  The humidity control sections have also alluded to there being some change 
in the hydrogen bonding nature between all components of the film upon the addition of water.  However, 
despite the evidence suggesting it, the actual presence of hydrogen bonding has not been proven directly.  
The following chapter aims to quantify the strength of H-bonding between the film components through 






7. Molecular Interactions - Hydrogen Bonding via FTIR 
From the surfactant segregation investigations performed in the previous chapters it is clear that 
there are some interesting interactions taking place between the components of the systems studied.  The 
forces behind these interactions have so far been defined as surface energy and compatibility, with the 
latter being comprised primarily of H-bonding arguments.  While the segregation behaviour indicates the 
nature of favourable/unfavourable interactions, it is not possible to speculate on the molecular origin of 
these interactions from NR/IBA techniques, since they do not probe molecular interactions directly.  
Infra-red spectroscopy on the other hand is a proven technique for studying molecular interactions as it 
directly analyses bond vibrations, which are largely affected by their molecular surroundings.  The 
following chapter aims to explore the molecular interactions between polymer, surfactant, plasticiser and 
water in an attempt to explain the molecular detail of H-bonding, in order to support the compatibility 
theories presented so far.  As these compounds are all capable of significant H-bonding, and as H-bonding 
has been theorised to be one of the most important forms of molecular interaction in the previous 
chapters, it is deemed that an investigation in this area would provide the most information on the 
intermolecular forces at play.   
As the IBA and NR results have suggested a favourable interaction between C12E5 and glycerol, this 
interaction was of the most interest to explore.  However, it was necessary to validate the method with 
already studied systems before analysing more complex surfactant systems.  The initial experiment 
performed used a simple, two-component water-glycerol system, similar to what was used by Dashnau et 
al.232  If similar results could be achieved despite the use of different spectrometers, then the method 
would be deemed appropriate for the analysis of more complex systems.  Figure ‎7.1. displays a schematic 
representation of how H-bonding can be detected with FTIR.  For stretching modes, hydrogen bonding 
causes a weakening of the X-Hδ+ bond (see chapter ‎2.5.), which causes a reduction in mode wavenumber.  
H-bonding is stronger in glycerol compared to water, hence glycerol exhibits a lower wavenumber νOH 
stretch, displayed in Figure ‎7.1.  If a straight line is drawn between the wavenumber for a pure glycerol 
and pure water system it represents the expected wavenumber of any mixed solution of water and 
glycerol at a given weight fraction.  In reality the change in H-bonding does not behave linearly, as will be 
discussed below, but for initial understanding this representation serves better.   
Once this system is established, then the addition of additives to solutions allows study of their effects 
on H-bonding within the system.  If a shift to lower wavenumber upon addition of an additive is observed, 
it can be derived that H-bonding within the system (regarding that specific vibrational mode) has 
increased.  Alternatively, any increase indicates a reduction in H-bonding.  For bending modes, the 
opposite is true.  As bending vibrations become more difficult with increased H-bonding, the 
wavenumber of their modes increases.  Therefore a shift of any bending vibration to higher wavenumber 
upon addition of an additive indicates increased H-bonding within the system, and vice versa.  These 
effects can be used to probe the hydrogen bonding interactions of compounds within the systems, which 





Figure ‎7.1.  Schematic representation of change in stretching and bending mode wavenumber with 
increasing/decreasing hydrogen bonding 
 
7.1. FTIR Analysis of Hydrogen Bonding in Solutions 
To replicate known experiments, and verify the method, glycerol-water solutions of varying glycerol 
concentration were created and analysed at room temperature (20 °C).  FTIR spectra for each solution 
are displayed in Figure ‎7.2., the baseline position of each spectrum has been offset to allow easier 
comparison of the data.  It is apparent that each IR spectrum appears slightly noisy.  In order to eliminate 
the noise and calculate the exact wavenumber corresponding to each band maximum/peak minimum, 
peak fitting was carried out.  Using Origin 2015 Sr2 the wavenumber of the maximum of each band could 
be accurately determined by employing a non-linear curve fit.  The exact fitting program used can be 
found under; category: Polynomial, function: Poly, iteration algorithm: Levenberg Marquardt, within the 
software, describing a 9th order polynomial (Equation 47).  This fit was chosen as in the user’s opinion it 
provided the most accurate representation of peak maxima, an example of a polynomial fit to a νOH 
stretch is displayed in Figure ‎7.3., this sample contained 50 w% water mixed with 50 % glycerol.  As can 
be seen, despite the variance in the data around the peak maximum, the fit provides an accurate 
description of the centre of the band.  The same analysis was carried out for several key bands that have 
been shown to be important when detecting H-bonding; including the OH stretch (νOH),233-234 CO stretch 
(νCO)235 and HOH bend (δOH).236  The limits for each band when fitting were chosen so only that band 
was present in the data, if more than one band was present when attempting to fit, an inaccurate 
representation of band maximum was achieved. 
 






Figure ‎7.2.  Complete FTIR spectra of glycerol-water solutions, ranging from 100% water (solid, red) to 
100% glycerol (solid, blue) in 10% increments. 
 
 
Figure ‎7.3.  FTIR of a solution of 50 w% water, 50 w% glycerol, displaying the νOH stretch raw data (solid, 








 Molecular Interactions Derivable from the νOH Stretch 7.1.1.
As all compounds used in this study contain hydroxyl groups, the νOH stretch describes changes in 
hydrogen bonding for every component of the system, and is hence used as a benchmark for overall H-
bonding.  For glycerol-water systems, as glycerol concentration in each sample increases, overall H-
bonding within the system also increases, expressed as a decrease in wavenumber for νOH.232  Plots of the 
νOH stretch for glycerol-water samples are shown in Figure ‎7.4a.  Although not obvious, it is possible to 
see a decrease in the wavenumber of the νOH stretch as glycerol concentration increases from 0% to 
100%.  Figure ‎7.5. shows the peak maxima of each fit plotted against glycerol concentration, and as can be 
seen from the ‘Gly, H2O’ data there is a consistent decrease in wavenumber with increasing glycerol 
concentration for the νOH stretch.  This reiterates what was shown previously by Dashnau et al.232 and 
confirms the validity of FTIR testing to detect H-bonding.  It is worth noting that the wavenumber 
detected for high-glycerol containing solutions (60-90 w%) is lower than that for the pure glycerol 
sample, suggesting H-bonding in these samples reaches a maximum at ~70 w% glycerol.  To probe the 
effects of surfactant and polymer on H-bonding within the samples three more groups of samples were 
formulated in which the water : glycerol ratio was systematically varied, except this time additives were 
included in the solution; firstly 10 w% C12E5, then 10 w% PVA, and finally both 10% C12E5 and 10% PVA.  
The same analysis was performed on each sample group and the fits are displayed in Figure ‎7.4., as well 
as the peak maxima versus glycerol concentration in Figure ‎7.5.  The Xgly parameter represents the molar 






where [gly] is the concentration of glycerol in w% and [H2O] is the concentration of water in w% in each 





















Figure ‎7.4. νOH stretch from FTIR of several glycerol-water mixtures, ranging from 100% water (solid, 
red) to 100% glycerol (solid, blue) in 10% increments.  (a) glycerol, water, (b) glycerol, water, 10% C12E5, 
(c) glycerol, water, 10% PVA, (d) glycerol, water, 10% C12E5 and 10% PVA. 
 
 








From Figure ‎7.5. it is possible to see the effects of each additive on the overall H-bonding within the 
system; the addition of C12E5 causes a significant increase in νOH wavenumber for all samples, indicating 
a reduction in the overall H-bonding within the sample.  Disruption of the H-bonding network appears to 
be more significant at lower glycerol concentrations, with H-bonding being mostly restored at glycerol 
concentrations ≥ 80 w%.  The addition of PVA to the glycerol-water system causes a reduction in the νOH 
wavenumber of each sample, indicating increased H-bonding compared to the binary system, with the 
difference in wavenumber being less significant at higher glycerol concentrations.  When both C12E5 and 
PVA are present, samples exhibit reduced H-bonding compared with the binary mixtures, however in 
comparison to the ternary, C12E5-containing samples the quaternary system shows increased H-bonding.  
This suggests that the presence of PVA somewhat nullifies the H-bonding screening effects of C12E5. 
 
 Molecular Interactions Derivable from the δOH Bend 7.1.2.
The νOH stretch is not the only band that can be used to obtain information about hydrogen bonding 
within these systems.  The δOH band (or HOH bend) allows monitoring of water’s behaviour explicitly, as 
no other component of the sample contains this moiety; shifts in δOH wavenumber have been shown to 
be inversely proportional to shifts in the νOH stretching mode.237  Bending frequencies are generally 
found at lower wavenumber compared to stretching frequencies and the bending mode of water is 
usually active between 1500 and 1800 cm-1.238-239  There are two bands situated very close to each other 
within this region, one at ~1640 cm-1 and another at ~1740 cm-1.  As the band at ~1740 cm-1 is only 
prominent in samples containing PVA it must be related to the polymer, therefore the stronger band at 
~1640 cm-1, which is present in all plots is the HOH bend associated with water.  The data obtained for 
each spectrum is the same used in the νOH plots, with slight adjustments to the transmission to display 
the curves in the correct order.  Plotting the peak maxima against glycerol concentration gives 
information on the effects of additive addition (Figure ‎7.7.).  The wavenumber of the δOH bend is seen to 
increase with increasing glycerol concentration for all samples, indicating an increase in H-bonding 
strength/number for water molecules within the sample.  No δOH band is present at 100 Xgly as the 
moiety does not exist in these solutions.  The addition of C12E5 or PVA appears to have no visible effect on 
the H-bonding of water within the sample for the most part, as the gradient of each dataset remains 
similar for all samples.  There is however a wavenumber increase seen for high glycerol concentration (≥ 






Figure ‎7.6.  δOH bend from FTIR of several glycerol-water mixtures, ranging from 100% water (solid, red) 
to 100% glycerol (solid, blue) in 10% increments.  (a) glycerol, water, (b) glycerol, water, 10% C12E5, (c) 
glycerol, water, 10% PVA, (d) glycerol, water, 10% C12E5 and 10% PVA. 
 
 







 Molecular Interactions Derivable from the νCO Stretch 7.1.3.
The νCO stretch should also provide information on H-bonding within the system, especially between 
glycerol and other components, as the two lone pairs of the oxygen atoms are also involved in H-bonding.  
νCO stretches are normally found between 1050 and 1150 cm-1.  Three bands are visible in this region, 
two νCO stretching vibrations at ~1035 cm-1 and ~1110 cm-1 which arise from primary (R-CH2-OH) and 
secondary (RR’-CH-OH) alcohols respectively as 1° < 2° < 3°,240 and a νCOH stretching band at 995 cm-1.  
Figure ‎7.8. displays the vibrational modes mapped on to a glycerol molecule for each of these bands.  
Unsurprisingly an increase in the intensity of all three bands is seen as glycerol concentration increases, 
as no C-O-H groups exist in a pure water system and it is only the presence of glycerol that can give rise to 
these bands.  As all bands are stretching vibrations, increased H-bonding should cause a decrease in 
wavenumber, as was the case with νOH.  The peak maxima wavenumber is plotted against glycerol 
concentration for each sample in Figure ‎7.10.   
 
 
Figure ‎7.8.  Schematic representation of the vibrational modes of glycerol used to detect hydrogen 
bonding in solution, (a) primary alcohol νCO (R-CH2-OH) stretch, (b) secondary alcohol νCO (RR’-CH2-OH) 
















Figure ‎7.9. νCO stretch from FTIR of several glycerol-water mixtures, ranging from 100% water (solid, 
red) to 100% glycerol (solid, blue) in 10% increments.  (a) glycerol, water, (b) glycerol, water, 10% C12E5, 
(c) glycerol, water, 10% PVA, (d) glycerol, water, 10% C12E5 and 10% PVA. 
 
In binary mixtures of water and glycerol, the primary νCO stretching band (Figure ‎7.10a.) shows a 
relatively linear decrease in wavenumber with increasing glycerol concentration, indicative of increased 
H-bonding in glycerol as its concentration increases.  This mirrors what was found with the νOH stretch.  
It appears that the additives cause relatively little interference with H-bonding at the terminal primary 
alcohol groups of glycerol similar gradients and wavenumbers are displayed for all sample groups.  
However, there is a slight decrease in wavenumber for most samples upon the addition of PVA, indicating 
an increase in H-bonding to the central hydroxyl group of glycerol.  In samples without PVA, the 
secondary νCO band is unique to glycerol as neither water nor C12E5 contain a secondary CO group, 
therefore the behaviour of this band can be used to explicitly describe the H-bonding of glycerol.   
Although all datasets in Figure ‎7.10b. have a generally negative gradient somewhat similar to that of 
the binary glycerol-water samples, when isolating specific glycerol concentrations, some information on 
the synergy between additives can be realised.  Considering PVA, addition caused a consistent decrease in 





case when observing primary νCO vibrations, however the opposite effects are realised by analysis of the 
secondary νCO band at low glycerol concentrations.  For ≤ 40 w% glycerol, the addition of PVA to the 
system causes an increase in wavenumber (decrease in H-bonding) when compared to the binary system.  
Although it may be considered unusual that the two νCO bands exhibit different results; it is possible that 
as the secondary νCO band includes vibrations from PVA, when the solution contains high water content, 
the PVA is being primarily solubilised by water.  As the νOH band showed that interaction with the 
polymer causes increased H-bonding, it is possible that glycerol is being outcompeted by water for 
interaction with PVA, which causes it’s H-bonding to be reduced.  This leads to an overall reduction in H-
bonding for the secondary νCO band.  This effect would not be seen in the νOH stretch as the increased H-
bonding of water upon the addition of PVA would counteract and overcome the reduced H-bonding of 
glycerol seen here, as it is the most highly concentrated solvent in these samples.  The HSPs of the 
materials suggest that glycerol (δ = 36.2) has a slightly more favourable interaction with water (δ = 47.8) 
compared to PVA (δ = 23.7), as its HSP is closer to it.  This also suggests that glycerol would be found in 
the bulk water phase, rather than with PVA, as it prefers to interact more with water, rather than 
plasticise the polymer in these samples.  Water has been shown to have the ability to remove and replace 
glycerol from its site within thin film samples in the humidity NR experiments also, where water 
preferentially situates itself between surfactant layers over glycerol in plasticised C12E6 (chapter ‎5.2.2.) 
and SDS film (chapter ‎6.2.5.), so it is plausible that a similar phenomenon is occurring here.   
Figure ‎7.10c. shows the νCOH band maxima for each sample group plotted against glycerol 
concentration.  It is notable that the range of wavenumbers observed is considerably smaller (~3 cm-1) 
than what has been seen for the other νCO bands (~7-15 cm-1).  Therefore any effects of additive addition 
on the νCOH band may be considered less significant compared to other bands, as the shift is smaller.  
There does not appear to be any observable trend in H-bonding with increasing glycerol concentration in 
the binary systems.  However, some information regarding the interaction of C12E5 with glycerol water 
systems can still be obtained from this band.  At low glycerol concentrations (≤ 40 w%) the addition of 
C12E5 causes a significant increase in the wavenumber of the νCOH band, indicating a decrease in H-
bonding.  This finding elaborates on what was discovered with the νOH band, where it was shown that 
addition of C12E5 caused a reduction in overall H-bonding within the system, especially at low glycerol 
concentrations.  It now appears that this is at least partly due to a reduction of glycerol H-bonding upon 




   
 
Figure ‎7.10.  Fitted νCO maxima plotted against glycerol concentration for primary alcohol νCO mode (a, 
1035 cm-1), secondary alcohol νCO mode (b, 1110 cm-1) and the νCOH vibration (c, 994 cm-1) 
 
 Discussion of Molecular Interactions and Hydrogen 7.1.4.
Bonding in Solution Samples 
Study of the binary glycerol-water system has mirrored findings by previous authors who have 
shown an increase in detected H-bonding (reduction of νOH wavenumber) as glycerol concentration 
increases.  Molecular dynamics simulations have been reported on glycerol-water mixtures which suggest 
the decrease in wavenumber is related to formation of an ordered H-bonding lattice as glycerol 
concentration increases.241  A more ordered network of H-bonds results in increased strength of 
interaction between opposing charged groups O–Hδ+···Oδ-.  This causes lengthening of the O-H covalent 
bond,109, 242-244 which gives a lower force constant and causes the wavenumber of the stretching vibration 
to be reduced.  Similar findings are exhibited in the case of ice having a lower frequency νOH stretch 
vibration compared to water due to the ordered network of H-bonds which is formed below 273.15K.245  
In an attempt to represent the H-bonding of water and glycerol in mixtures, a schematic representation of 
the increased structure visible in higher glycerol concentrations is shown in Figure ‎7.11.  It is possible to 
see in this schematic how the glycerol H-bonding network forms with increasing glycerol concentration.  





simulations.246-249  It is the existence of the H-bonding network that gives glycerol the ability to vitrify in 
to a glassy structure at reduced temperatures. 
The increased H-bonding for water molecules within these systems observed by the δOH band is also 
explained through the formation of this ordered network,232 which suggests the increased water H-
bonding with increasing glycerol concentration is due to clustering (termed linearization) of water, 
caused by formation of the glycerol-glycerol network.  As water becomes clustered at higher glycerol 
concentration, it has less freedom, and hence becomes more ordered, causing the strength of its H-
bonding to increase.   
 
    
    
Figure ‎7.11. Schematic representation of formation of a glycerol (red) H-bonding lattice with increasing 
glycerol concentration, with groups of water (blue) molecules becoming more isolated and clustered as 
water concentration drops 
 
Addition of C12E5 to the binary caused relatively little change to the wavenumber of the δOH bend, 
and hence H-bonding of water within the system.  This would mean that the clustering of water occurs 
similarly in samples which contain C12E5 and in glycerol-water samples.  The stretching vibrations (νOH, 
νCO) do however show a difference upon the addition of surfactant.  The wavenumber of the νOH mode 
increases significantly when C12E5 is included in the solution, indicating a large reduction in the overall H-
bonding within the system.  This is also true for the secondary νCO stretch.  To explain this C12E5 micelle 
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formation may be used, it is known that C12E5 will form cylindrical micelles in aqueous solution,250 and it 
was suggested that these structures may also be capable of forming in thin PVA films in chapter 5.2.  
Therefore if surfactants are forming in high water/low glycerol concentration solutions, much of the 
surfactant’s H-bonding potential would be concealed within the micelle and be unavailable to H-bond 
with its surroundings as only the terminal hydrogen in the polar C12E5 head-group would be exposed, 
visualised in ‎7.1.2.  The calculated diameter for C12E5 cylindrical micelles reported by Li et al.250 is 5 nm, 
which is very large compared to the other compounds present in the solutions, hence their potential for 
disrupting the H-bonding within the sample is significant.  This thickness is also remarkably similar to the 
thickness of the C12E5 surface excess layer (5.6 nm) found in the earlier NR experiments for plasticised, 
surfactant containing films (Figure ‎5.11.), supporting the formation of micelles in the solution samples.  
The fact that H-bonding, as documented by the νOH and secondary νCO modes, is mostly restored at high 
glycerol concentration solutions (≥ 80 w%) is also interesting.  The formation of micelles, or lack thereof, 
may be used to explain this.  As the CMC of C12E5 is increased in glycerol containing solutions 191 due to 
the reduced water content, micelles are less likely to form.  If fewer/no micelles are forming in these 
solutions, it means that more surfactant monomer will be present, with its H-bonding sites not concealed 
within the micelle and available to H-bond.  This would cause the overall H-bonding within the system to 
remain relatively similar to binary solutions, as the glycerol-glycerol H-bonding network would not be 
disturbed, leading to the wavenumber being unchanged upon C12E5 addition, as is seen in Figure ‎7.5.  This 
effect can be seen in Figure ‎7.12d.  It is also possible that the presence of C12E5 monomer in these 
solutions does not have a negative effect on H-bonding, as the H-bonding which has been disrupted by the 
surfactant is restored by the formation of an ice-like H-bonding cage, termed a clathrate cage around the 
molecule.   This change in the H-bonding structure upon addition of non-polar entities is the basis for the 
hydrophobic effect, which drives the self-assembly of compounds such as surfactants in solution.251  
Clathrate-like structures around the poly(ethylene oxide) region of C12Ex molecules have been 
proposed252 and observed with vibrational sum frequency spectroscopy (VSFS).253  Therefore the overall 
H-bonding within the system may be relatively unaffected if the polar regions of the surfactant are 
available to H-bond.  If micelles are forming, and these regions are concealed within them, then these 
effects may not occur, giving rise to the reduced H-bonding observed at glycerol concentrations < 80 w%. 
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Figure ‎7.12.  Schematic representation of the effects of C12E5 (green) addition on the intermolecular 
interactions of water and glycerol in solution 
 
Evidence for the increase of overall H-bonding within these systems upon the addition of PVA has 
also been documented by the νOH stretch.  It is thought that H-bonding is encouraged by the addition of 
PVA as a more structured, rigid network of hydrogen bonds can be formed using the complex polymer 
suprastructure of PVA in water as a chassis to build on.254  A schematic representation of this is displayed 
in Figure ‎7.13.  As the polymer is less free to move in comparison to the glycerol and water molecules 
surrounding it, as well as containing a significant number of H-bonding sites, it can therefore provide a 
relatively persistent H-bonding framework for the glycerol and water to bind to.  The fact that increased 
H-bonding seen with PVA addition is less significant at higher glycerol concentration (≥ 80 w%) could 
either be attributed to phase separation within the system, or PVA crystallising out of solution as the 
volume of solvent (water) in the solution decreases.  PVA has limited solubility in all solvents but water, 
so increased glycerol concentration within the system would be likely to cause crystallisation.  Solid PVA 
would be less likely to H-bond to glycerol, but may not be as disruptive to the formation of a glycerol H-
bonding network as a cylindrical C12E5 micelle as it is not in solution; hence PVA being omitted from 
Figure ‎7.13d. 
The behaviour of water in these samples, monitored using the δOH bend shows mostly similar 
behaviour to the binary system at glycerol concentrations < 70 w%, indicating that water clustering is not 
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affected by the presence of PVA in these samples, similarly to what was seen for C12E5.  However the 
increase in wavenumber seen at 80 w% glycerol concentration for the samples including PVA describes 
an increase in H-bonding.  Unfortunately the strength of the δOH absorbance in the PVA containing 
solution was too weak to produce a band at 90 w% glycerol, so no information on the behaviour of water 
could be obtained at this concentration.  It is however plausible that at high glycerol concentrations, 
because of the reduced solubility of PVA in glycerol compared to water, the water present within the 
system will be primarily being used to maintain dissolution of the PVA.  In this case the water would be 
situated in close proximity to the polymer, which has been shown to increase ordering and H-bonding, 
therefore exhibiting an increased wavenumber. 
    
    
                    
Figure ‎7.13.  Schematic representation of the effects of PVA addition on the intermolecular interactions of 
water and glycerol in solution 
 
In the quaternary systems containing both C12E5 and PVA it can be seen from most of the vibrational 
modes that a medium between the strengthening of H-bonding PVA has and the weakening of H-bonding 
C12E5 has is reached.  It appears that this may simply be due to a mix of the two structures being formed in 
systems where there are sufficient water, and the interaction of the polymer and surfactant is limited.   
This part of the investigation has highlighted certain interactions between compounds in liquid 
samples; addition of PVA to the binary glycerol-water system caused a general increase in the amount of 
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H-bonding detected within the system, indicating favourable interactions between the three components.  
Addition of C12E5 caused a decrease in the amount of H-bonding detected compared to the binary system, 
which suggests an unfavourable interaction between the surfactant and glycerol, water.  Study of 
quaternary systems suggests some favourable interaction between PVA and C12E5 as the H-bonding 
screening effects of C12E5 are reduced upon the addition of the polymer.  These results also shed light on 
interactions of water and glycerol, where the formation of a complex glycerol network causes clustering 
of water molecules and increased H-bonding throughout the system.  It would appear from the formation 
of this glycerol H-bonding network that glycerol will preferentially H-bond to itself over water, which 
may help to explain why water has the ability to force glycerol from the interstitial regions between 
surfactant-rich layers in thin films.  As more water is absorbed through the surface of the film under 
increasing humidity and water concentration increases, glycerol will migrate away from water-rich 
regions to maximise its interaction with itself.  The formation of more structured water-water and 
glycerol-glycerol networks within the polymer films may be influential on surfactant segregation.  If this 
increased structuring within the film leads to increased phase separation in the polymer matrix, 
surfactant may also be more likely to segregate. 
Although the ambient NR results suggested favourable interactions between C12E5 and glycerol 
(chapter ‎5.1.3.) as the compatibility of the surfactant and PVA appeared to increase upon plasticisation, 
no such effect could be realised with FTIR.  Here the addition of surfactant to the water-based systems 
caused decreased H-bonding, and the addition of PVA caused increased H-bonding.  It was hoped that 
some synergistic effect on H-bonding would be visible when both surfactant and PVA were present, but 
the negative effects of surfactant were simply lessened upon the addition of PVA, which may simply be 
due to mixing of the two components.  There may however be some debate as to whether behaviour of 
surfactants in solution samples containing a small amount of PVA can be used to accurately explain their 
behaviour in solid polymer films.  The contrast of these sample environments may change the way in 
which the surfactant interacts with other components of the film.  A FTIR study in to the effects of 
additive addition on thick films was initiated but due to time restrictions could not be completed, instead 
the preliminary experiments on thicker films which prove the effectiveness of the saturated solutions at 
controlling humidity and show significant water absorption with industrial sized films are discussed in 
the following section. 
 
7.2. Model Film FTIR Analysis 
The use of model, thick (> 10 µm) films not only allows the study of molecular interactions in more 
relevant, film-based samples compared to the solution samples, but also allows analysis of properties 
which could not be studied with liquid samples.  One such property is humidity, something of significant 
importance for film stability in industry, as well as thin spin-cast films.  Analysis of the 76 µm industrial 
plasticised PVA film proved difficult as the transmission through the film was too weak to achieve a 
spectrum.  Absorption peaks can start to be realised by stretching the film, however to achieve films of a 
consistent degree of thickness would prove difficult.  The deformation of industrial films also imposes 
permanent stresses on the material which may interfere with results, for example crystallinity is induced 
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by stretching the material, which would change the observed spectrum considerably.  To prevent these 
issues model films were prepared by solution casting a PVA (Aldrich, P8136) solution in a vacuum oven 
for ~90 minutes to remove water and form a solid, dry film.  Non-plasticised films were the first to be 
studied and a FTIR plot of a pure PVA film, approximately 15 µm in thickness is displayed in Figure ‎7.14. 
Each peak of interest has been assigned in the Figure ‎7.14., if water absorption into these films 
occurs in a similar way to what was seen for thin films, it would be expected that the νOH and δOH peaks 
would increase in intensity.  Conversely, if water has been lost from the films then the intensity of these 
bands should decrease.  The FTIR absorption spectra for two pure PVA films is given in Figure ‎7.14.  The 
films were either subjected to ambient conditions of approximately 40 %RH (red), or placed inside of a 
sealed vessel at 85 %RH (blue) for 24 hours.  There appears to be some discrepancy between the starting 
thicknesses of the two films as the 85%RH data shows stronger absorbance compared to the film left 
under ambient conditions.  This signifies an increase in film thickness, causing the absorbance in the νOH 
stretch to increase to almost 100%.  After allowing the films to equilibrate under ambient conditions for 
24 hours and taking another spectrum (dotted lines) any change in film thickness brought about by the 
absorption or loss of water should be mirrored in the absorbance.  Interestingly, it is not just the bands 
representative of water (νOH, δOH) that show a change in absorbance after this time period, the entire 
spectrum shows a shift.  For both the atmospheric and 85 %RH non-plasticised PVA film an increase in 
the absorbance of all bands is seen, indicating an increase in thickness for both samples compared to their 
initial dried state.  This would be expected for the sample placed under high humidity as it has been 
shown that a PVA film is capable of absorbing water as a plasticiser from high-humidity atmospheres in 
chapters 5 and 6.  The fact that the ambient film also shows an increase in film thickness proves the 





Figure ‎7.14.  FTIR spectra of two separate pure PVA (0 w% glycerol) films, directly after formation (red 
and blue, solid lines).  Another FTIR spectra of the same films after being subjected to 24 hours under 
ambient conditions (dashed, red) or 85 %RH, achieved using a humidity cell containing a saturated salt 
solution (dashed, blue). 
Next two films containing 10 w% glycerol were studied under the same conditions.  The spectra for 
which are displayed in Figure ‎7.15., as can be seen both the atmospheric and 85%RH films show 
relatively little change after 24 hours equilibrating.  This suggests that a stable level of plasticisation is 
reached at 10 w%, where little is being lost to the atmosphere, and there is also little impetus for the film 
to absorb more plasticiser in the form of water.  It is also possible that water was absorbed so quickly 
after film forming that equilibrium had already been reached in the first 30 minutes; hence all spectra are 
simply displaying the equilibrium state.  Although some loss of plasticiser was detected in thin films 
which contained 10 w% glycerol over a similar time period, the amount of glycerol present in thin films 
compared to thicker films is vastly reduced.  Therefore assuming glycerol exhibits a similar evaporation 
rate regardless of film thickness, the amount of plasticiser lost has much more significance for thinner 
films, and is negligible for thick films considering the large volume present.  Although it was suggested 
from the thin film humidity studies that the presence of glycerol in thin films facilitates increased water 
absorption from the atmosphere it would be unreasonable to compare thin film humidity control data to 
these results due to the different plasticiser concentrations.  To provide a more direct comparison to thin 
film results, solution cast films with 20 w% glycerol concentrations were formulated and the same 





Figure ‎7.15. FTIR spectra of 10 w% glycerol films directly after formation (red, blue, solid) and after being 
subjected to overnight under standard laboratory conditions (dashed, red) or 85 %RH (dashed, blue). 
 
Two more films containing 20 w% plasticiser were studied under ambient conditions and 85%RH, 
the spectra for which are displayed in Figure ‎7.16.  When subjected to ambient conditions a significant 
reduction in the intensity of most bands, especially the νOH and δCH is seen.  Although this effect was not 
seen for thick films containing 10 w% plasticiser, it is likely that the additional loading of plasticiser at 20 
w% is beyond what the film can incorporate in equilibria, so is hence being lost from the film, leading to 
the observed reduction in thickness.  When placed in a high humidity environment the film shows an 
increase in the absorbance of all bands, which indicates an increase in film thickness.  This can only be 
brought about by the absorption of water from the atmosphere, which has also been indicated for thinner 
films in chapters ‎5.1.5, ‎5.2 and ‎6.2.5.  As more water absorption was observed in 20% plasticised films as 
opposed to 10%, it suggests that it is glycerol’s affinity for water that leads to this increased absorption.  
This does not explain the absorption of water seen in non-plasticised films however.  As pure glycerol was 
shown to absorb water from the atmosphere previously, and also implied by the non-ionic surfactant 
results obtained in chapter 5, it would appear that the presence of glycerol largely determines the ability 





Figure ‎7.16. FTIR spectra of 20 w% glycerol films directly after formation (red, blue, solid) and after being 
subjected to overnight under standard laboratory conditions (dashed, red) or 85 %RH (dashed, blue). 
 
From the experiments performed so far PVA films of < 15 µm have shown the ability to absorb 
significant quantities of water when placed in a high humidity environment.  It was proposed that if films 
could absorb water within the space of a day, then surely they would be able to lose water at a similar 
rate.  To test this theory all samples were subjected to two iterations of the previous experiment.  
Figure ‎7.17. and Figure ‎7.18. display the maximum absorbance (or minimum transmission) for the νOH 
and δOH bands respectively.  These plots include data for 0, 10 and 20 w% glycerol where the horizontal 
axis is displayed as a time interval with spectra being obtained at each interval; 1 – film freshly formed 
(after removal from drying oven), 2 – film after placed in 85 %RH humidity cell overnight, 3 – film after 
being subjected to RTP overnight, 4 – film after 5 hours in 85 %RH humidity cell.  Figure ‎7.17. and 
Figure ‎7.18. show the νOH and δOH stretch maxima respectively for the spectra taken at each time 
interval, the data for 0 and 10% plasticiser films are shown on a separate axis to the 20% films as the 
20% film was slightly thinner than the others.  As seen in Figure ‎7.17. each sample shows an increase in 
absorbance (decrease in transmission) after being placed in the humid environment overnight, regardless 
of plasticiser concentration.  What is also apparent is that after subjecting the films to standard conditions 
overnight there is a reduction in absorbance in all cases, indicating a loss of water from the sample.  
Although the magnitude of this reduction is not equal for all films it is clear to see that the level of 
desorption in most cases is not quite sufficient for the film to return to its original thickness when 
removed from the drying oven.  This implies that the films will hold a certain amount of water after 
absorbing it, or the rate of loss under atmospheric conditions is simply slower than the rate of absorption 
in these thicker films.  For the final stage films were returned to the high humidity chamber for 5 hours 
and another spectrum was taken for each sample.  An increase in thickness and hence absorption of water 
can be seen in all but once case, indicating that water absorption can take place even on a shortened 
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timescale.  It would have been interesting to investigate these phenomena further but due to time 
restrictions with the project this simple study was as far as the line of enquiry could be taken.  The next 
steps would have been to study surfactant containing films and how they affected the rate of 
absorption/desorption, as well as their effects on the H-bonding in a similar way to what was studied in 
solution. 
   
 
Figure ‎7.17.  Maximum transmission values for νOH stretch obtained through FTIR of 0, 10 and 20 w% 
glycerol containing PVA films.  Stage 1 = film freshly formed (after removal from drying oven), 2 = film 
after placed in 85 %RH humidity cell overnight, 3 = film after being subjected to RTP overnight, 4 = film 
after 5 hours in 85 %RH humidity cell. 
 
 
Figure ‎7.18.  Maximum transmission values for δOH stretch obtained through FTIR of 0, 10 and 20 w% 




7.3. Molecular Interactions Summary 
To conclude this chapter; the intermolecular hydrogen bonding within several liquid environments 
was probed.  It was found that the addition of PVA to glycerol, water mixtures caused an increase in the 
H-bonding of the system, detectable primarily by a decrease in the wavenumber associated with the νOH 
stretching mode.  It is notable that the reduction is of a greater magnitude in solutions which contain a 
higher water content, which indicates a greater interaction of the polymer with water compared to 
glycerol.  This may help to explain the ability of water to absorb into PVA films and displace glycerol from 
its sites within the polymer.  The addition of C12E5 to the solutions caused a decrease in the overall H-
bonding of the system, again detectable primarily from the νOH stretch.  This was deemed to be due to 
cylindrical micelle formation within the solution, which disrupts the formation of a H-bonding glycerol 
network.  It has been suggested that micelles are also forming in thin polymer films in the previous 
chapters, which could again cause an unfavourable disruption of H-bonding within the system.  This 
unfavourable disruption may lead to the significant surfactant segregation seen in polymer films. Further 
work in this area may help uncover more information about the complex interactions of these compounds 




8. Product Lifetime and Film Properties 
A number of scientific studies have been performed throughout this work, most concerning the 
investigation of more fundamental reasons behind segregation and compatibility of components in 
polymer films.  However, the industrial relevance of the results uncovered within this investigation has 
always been of importance and is summarised, in brief, in the following chapter.  The initial work in 
chapter 4 highlighted some possible contributors to the failure of industrial films, where the volatility and 
ability of glycerol to move within and be lost from a PVA matrix was shown.  For thin films, the 
evaporation of glycerol was shown to be significant, losing most of their plasticiser mass in around a 
week.  The significant rate of loss and hence mobility of plasticiser in thin polymer films led to an 
investigation of this phenomenon in thicker industrial films.  Due to the increased timescale of glycerol 
loss in these films the absorption of glycerol into the film was measured as opposed to the loss.  It was 
found that the rate of absorption was significantly higher than what could be feasible for the rate of loss, 
so as the detergent the liquitabs encapsulate contains glycerol, the replenishment of plasticiser from the 
detergent should outweigh the amount capable of being lost.  Therefore evaporation of glycerol should 
not be significant within the lifetime of the product in industrial films.  Nevertheless, the phenomenally 
sensitive test method may be valuable to detect loss of other components, for example perfumes. 
Chapter 5 highlighted the segregation behaviour of non-ionic surfactants in thin films, as well as the 
effects of humidity on this segregation.  Surfactants were found to spontaneously segregate to both air 
and substrate interfaces in non-plasticised and plasticised PVA films.  In non-plasticised films this 
segregation was found to change over time, where surfactant seemed to migrate from the substrate 
interface to the surface of the film, highlighting the ability of the non-ionic to move through the polymer 
matrix.  This compliments industrial testing where compounds such as surfactants are found, migrated 
from the detergent, on the external surface of the industrial polymer film, present as a greasy layer.  
Plasticisation with glycerol was found to reduce the amount of segregated surfactant, but no level of 
plasticiser tested (10-30 w%) was effective at completely suppressing non-ionic segregation, therefore 
migration of these compounds is still definitely an issue in plasticised PVA films.  This chapter also 
highlighted the ability of water to absorb into the films under humid conditions, and the fact that 
increased water content within the film could cause increased surfactant segregation.  These findings 
perhaps provide an explanation as to why the polymer seal formed between two films on many industrial 
products weakens over time; if significant amounts of surfactant are migrating to the regions between 
polymer films then a build-up could cause decreased affinity for one PVA film to another, weakening the 
seal.  The ability of the non-ionic surfactant to segregate also had negative effects of on plasticiser 
distribution, where even small concentrations of C12E5 (1 w%) possessed the ability to perturb the 
homogeneous behaviour of glycerol.  The reorganisation of plasticiser may have implications on the 
mechanical properties of films which contain even a small amount of surfactant, as homogeneous 
plasticiser distribution is necessary to maintain polymer functionality for most applications.  Hence any 
deviation from these ideal conditions may lead to plasticiser depleted regions in the polymer which 
would exhibit decreased elasticity.  This would lead to films becoming more susceptible to cracking under 
strain, something that is undesirable in many industrial applications.   
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Plasticisation was not only shown to reduce surfactant segregation however, as Chapter 6 describes 
how the ionic surfactant SDS has its segregation largely increased upon introduction of glycerol.  SDS was 
shown to form significant structures on the surface of films in the presence of a plasticiser or humid 
conditions.  The potential for these structures to form on the surface of thicker films is apparent; if these 
structures are forming during the film production stage then the ability of two polymer films to inter-
diffuse will be heavily impeded.  While the segregation of amphiphilic molecules to PVA film surface is not 
desirable here, there are many other applications in polymer processing where it is.  The role identified 
here of the plasticiser in facilitation and modifying this behaviour may be of value in other areas of 
polymer processing. 
The effects of humidity on industrial PVA film are important in determining product lifetime.  By 
studying the segregation behaviour of surfactants under relative humidity control in thin films, 
segregation was shown to increase for the non-ionics and SDS when the films became plasticised with 
water.  As previously stated, surfactant segregation may impact product lifetime significantly, if increased 
humidity is amplifying the segregation behaviour of surfactants in industrial films, this may lead to 
shorter lifetimes.  Results indicated that a lower concentration of plasticiser would cause less water to be 
absorbed, leading to reduced surfactant segregation.  However, reducing the concentration of plasticiser 
would have adverse effects on the ideal polymeric properties needed for product functionality, so would 
be difficult to achieve whilst maintaining film efficiency.  This suggests the need for a less hygroscopic 
plasticiser that would not absorb water as readily, but again sufficient compatibility with the polymer is 
required for plasticisation, hence polar groups, which usually increase the hygroscopic nature of 
compounds, are needed.  It appears that water absorption from the atmosphere will be a persistent 





9. Final Conclusions 
This project has explored new, unchartered areas of surfactant and plasticiser behaviour in thin PVA 
films, highlighting the segregation of several non-ionic and ionic surfactants.  The industrial relevance of 
these findings has been discussed, but the fundamental understanding of the segregation of materials is 
perhaps more integral to the heart of this project.  Surface energy and tension has provided an insight in 
to the behaviour of various surfactants in a PVA matrix, where lower SE/ST compounds have been shown 
to exhibit increased segregation.  This concept is relatively simple in its nature as a favourable reduction 
in the surface energy of the system is achieved by the migration and segregation of lower SE components 
at the surface.  C12Ex surfactants and SDS were shown to spontaneously segregate in binary films with PVA 
due to their reduced SE compared to PVA, whereas CTAB was shown to exhibit homogeneous distribution 
in binary films due to its higher SE. 
Plasticisation of these films was shown to have mixed effects depending on the concentration of 
glycerol, chemical structure of the surfactant and relative humidity of the environment.  Through 
chapters 5 and 6 several examples of the varied and intricate surfactant structures capable of forming on 
the surfaces of thin polymer films are given.  These phenomena cannot simply be explained with SE 
arguments however, and compatibility must be considered.  The segregation behaviour of the non-ionic 
surfactant C12E5 under ambient conditions suggests that surfactant-polymer compatibility increases upon 
plasticisation, thought to be due to the increased H-bonding potential exhibited by C12Ex surfactants 
compared to the other surfactants studied.  The fact that this behaviour is reversed under humidity 
control suggests that the presence of water within the thin films reduces the non-ionic surfactant-
polymer compatibility.  This finding is supported by the FTIR study where addition of C12E5 to systems 
which have high water content causes a decrease in the overall H-bonding, and hence compatibility 
within the system. 
The ionic surfactants studied also exhibited interesting behaviour, with surface segregation of CTAB 
being activated upon plasticisation.  As the change in surface energy of the polymer is negligible when 
glycerol is introduced, it is deemed that compatibility between the plasticiser and surfactant must be 
responsible for CTAB segregation.  Monitoring SDS distribution in plasticised films with NR uncovered the 
formation of a SDS-glycerol multi-lamella arrangement at the surface of the film, facilitated by H-bonding 
between the surfactant and plasticiser, which allows closer head-group packing of SDS.  The ability of 
water to outcompete glycerol for its favourable interaction with the surfactant was also apparent from 
the humidity control experiments, showing how humid environments can significantly increase 
surfactant segregation in polymer films. 
This work marks an exploration of surfactant and plasticiser behaviour in PVA films, revealing some 
of the varied and elaborate segregation exhibited by several surfactants in polymer matrices.  It has paved 
the way for further investigation of these phenomena, and provides a first attempt at explaining the 
intricate behaviour of surfactants in solid environments.  Some suggestions for how this area may be 




10. Suggestions for Further Work 
To further this study, increasing the catalogue of surfactants analysed in polymer films would allow 
better correlation of properties such as HLB and SE/ST to the segregation behaviour.  If correlations exist 
between surface excess (z*) and these properties then they would provide a series of criteria which could 
be consulted in order to determine if, and how much, a surfactant will segregate in a polymer film.  This 
could be extremely useful when choosing a surfactant for industrial applications as its segregation nature 
could choose a surfactant which would exhibit the ideal amount of surface segregation for the role it is set 
to be used in.   
The complex nature of the surfactant-glycerol complexes that can form on the surface of the thin 
films is of significant interest.  It appears that the concentration of surfactant (SDS) in plasticised PVA 
films determines the number of surfactant lamella, and hence the thickness of the surface excess.  As the 
maximum concentration of surfactant studied was 20 w% it would be of interest to increase the 
concentration of SDS further, and observe the extent to which an excess can form.  The stability of 
multiple surfactant layers on the surface of polymer and their evolution with time would also be of 
interest, do they continue to grow both laterally and vertically?  Can the structure slide across the surface 
of a film once formed?  Further AFM study on the films as they develop with time and perhaps 
introduction of some frictional force microscopy would help to answer these questions. 
More work on the molecular interactions of surfactants, polymers and plasticisers in film samples 
would provide a better insight in to the forces determining segregation and compatibility.  Continuation 
of the FTIR study on film samples may have established a greater understanding of the H-bonding 
potential of the compounds in solid samples.  It is clear from this work that there are interesting 
interactions occurring in the three component systems, and also in the presence of water.  Study of the 
cloud-point of solution samples would allow phase diagrams to be produced, which may help to 
understand the phase separation of these compounds and hence their interactions in polymer films also. 
It would also be interesting to test cases where surfactant migration to polymer surfaces is desired.  
Surface modification of polymers is a well-used industrial process which can be used to customise not 
only the appearance and finish of a polymer film, but also its adhesion, wetting and coating 
characteristics.212  The functionalisation of polymer surfaces in compounds such as polypropylene (PP) 
normally requires significant effort.  Relatively complex methods such as atmospheric pressure plasma 
jets255 and chemical grafting256 have been used.  Within this work the segregation of surfactants to 
polymer surfaces has been shown to be related to factors such as plasticiser concentration and 
compatibility, and the structure of these surfactants at the surface has been precisely defined with NR.  
Therefore this method could be used to study surfactant segregation nature in other polymers with 
varying plasticisers, allowing investigation of what compounds can be used to achieve maximum surface 
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Figure ‎4.6. 30% d5-glycerol NRA 1 120 27 13.2 - 
Figure ‎5.3. 25% d25-C12E5 ERDA 
1 42 24 3.0 
8.8 2 63 3 1.8 
3 65 80 2.1 
Figure ‎5.4. 
5% d25-C12E5 NRA 
1 10 49 0.2 
4.7 2 157 2 1.6 
3 8 10 2.6 
15% d25-C12E5 NRA 
1 10 71 1.0 
6.8 2 101 3 0.0 
3 38 23 2.3 
25% d25-C12E5 NRA 
1 10 77 0.5 
7.2 2 93 5 32.5 





1 41 30 - 
11.1 2 63 3 - 




1 42 30 - 
12.1 2 47 1 - 




1 50 25 - 
12 2 40 1 - 




1 46 25 - 
11.0 2 38 1 - 




1 37 27 - 
9.6 2 59 1 - 




1 60 16 - 
9.0 2 42 1 - 





0% h-gly: 30% d25-
C12E5 
NRA 
1 15 95 0.3 
13.5 2 99 5 0.0 
3 39 23 1.2 
10% h-gly: 30% d25-
C12E5 
NRA 
1 10 96 0.5 
9.2 2 84 4 7.6 
3 40 21 1.6 
20% h-gly: 30% d25-
C12E5 
NRA 
1 10 56 0.5 
4.7 2 98 9 10.8 
3 36 18 2.9 
30% h-gly: 30% d25-
C12E5 
NRA 
1 10 69 0.0 
6.1 2 86 8 0.0 
3 14 28 0.0 
Figure ‎6.3. 25% CTAB RBS 1 174 25 19.1  
Figure ‎6.5. 
0% h-gly CTAB RBS 1 174 25 19.1  
10% h-gly CTAB RBS 1 174 25 19.1  
20% h-gly CTAB RBS 
1 19 44 1.9 
 2 131 15 23.6 
3 17 59 0.7 
30% h-gly CTAB RBS 
1 23 42 0.0 
 2 126 13 18.9 
3 13 71 0.0 
Figure ‎6.6. 
10% d5-glycerol : 20% 
CTAB 
NRA 1 130 10 0.0  
20% d5-glycerol : 20% 
CTAB 
NRA 1 123 20 0.0  
30% d5-glycerol : 20% 
CTAB 
NRA 1 147 30 0.0  
Figure ‎6.8. 20% h-SDS in PVA RBS 
1 10 60 0.0 
 
2 242 16 0.0 
Figure ‎6.10. 
10% d25-SDS in PVA NRA 
1 18 23 0.0 
 2 45 2 0.0 
3 86 5 0.0 
10% d25-SDS in PVA NRA 
1 19 43 0.0 
 
2 111 10 0.0 
Figure ‎6.13. 
20% d25-SDS : 10% h-
glycerol in PVA 
NRA 
1 35 52 0.0 
 
2 123 2 0.0 
20% d25-SDS : 20% h-
glycerol in PVA 
NRA 
1 35 55 0.0 
 




20% h-SDS : 10% d5-
glycerol in PVA 
NRA 1 115 10 0.0  
Figure ‎6.29. 20% SDBS in PVA 
RBS 
1 55 47 0.0 
 
2 200 13 0.0 
RBS 
1 60 39 0.0 
 2 156 9 0.0 
3 50 33 0.0 
Figure ‎6.31. 
0% h-C12AO : 20% d5-
glycerol 
NRA 1 151 20 0.0  
2% h-C12AO : 20% d5-
glycerol 
NRA 1 145 20 0.0  
5% h-C12AO : 20% d5-
glycerol 
NRA 1 130 20 0.0  
10% h-C12AO : 20% d5-
glycerol 
NRA 1 133 20 0.0  
20% h-C12AO : 20% d5-
glycerol 





12.2. Tables of Fitted Values for NR Experiments 
 













1 70.67 1.13 - 3.0 - 




1 0.94 4.40 - 0.2 - 
2 68.65 1.10 - 5.1 
3 2.07 3.30 - 0.5 
20% d25-C12E5 
(roughness included) 
1 2.36 4.28 - 0.5 - 
2 61.28 1.45 - 2.0 
3 2.01 3.0 - 0.5 
30% d25-C12E5 
(roughness included) 
1 1.64 4.68 - 1.0 - 
2 17.68 2.77 - 1.0 
3 52.35 1.67 - 4.9 





See Figure ‎5.5. 2 
3 
20% d25-C12E5 : 20% h-glycerol 
(roughness included) 
1 5.66 2.65 - 4.4 - 
2 50.32 1.34 - 2.5 
3 2.50 3.5 - 0.5 
20% h-C12E5 : 20% d5-glycerol 
(roughness included) 
1 2.05 4.82 - 1.5 - 
2 60.91 1.30 - 1.5 
3 2.01 3.10 - 0.5 
Figure ‎5.21. 
PVA in D2O (23 %RH) 
(roughness included) 
1 63.5 0.83 - 1.2 - 
2 1.0 4.18 - 1.0 
PVA in D2O (33 %RH) 
(roughness included) 
1 68.6 0.80 - 1.3 - 
2 1.4 4.18 - 1.0 
PVA in D2O (55 %RH) 
(roughness included) 
1 71.7 0.75 - 1.7 - 
2 1.0 4.18 - 0.9 
PVA in D2O (85 %RH) 
(roughness included) 
1 94.6 0.74 - 6.6 - 
2 11.3 4.18 - 1.0 
Figure ‎5.23. 
20% d25-C12E5 at 23 %RH 
(no roughness) 
1 1.7 4.14 92.9 3.0 2.41 
2 1.3 0.75 4.6 0.1 
3 1.5 3.04 64.2 1.3 
4 27.7 0.80 5.9 0.1 




20% d25-C12E5 at 33 %RH 
(no roughness) 
1 1.4 4.00 89.2 2.7 2.02 
2 1.4 1.23 17.1 0.2 
3 1.4 2.65 54.1 0.2 
4 33.2 0.78 5.4 0.0 
5 3.5 4.18 - 1.0 
20% d25-C12E5 at 55 %RH 
(no roughness) 
1 2.4 4.13 92.6 1.2 4.30 
2 1.4 2.72 55.9 0.3 
3 1.6 4.42 100.0 0.2 
4 42.8 0.79 5.64 0.0 
5 2.9 4.18 - 1.4 
20% d25-C12E5 at 85 %RH 
(no roughness) 
1 1.0 3.60 78.8 0.7 4.18 
2 1.8 0.96 10.1 0.4 
3 2.3 4.38 99.1 0.2 
4 0.9 0.90 8.5 0.2 
5 2.4 3.05 64.5 1.8 
6 51.8 0.89 8.2 1.8 
Figure ‎5.24. 
20% d25-C12E5 : 20% h-glycerol 
at 23 %RH 
(no roughness) 
1 3.5 4.39 99.9 1.5 3.61 
2 1.6 5.1 27.3 0.1 
3 0.7 3.70 3.8 0.1 
4 39.2 0.97 82.0 1.0 
5 2.2 4.18 - 2.3 
20% d25-C12E5 : 20% h-glycerol 
at 33 %RH 
(no roughness) 
1 2.7 4.28 97.1 1.8 3.90 
2 0.7 1.22 17.4 0.7 
3 1.6 4.29 97.3 0.3 
4 40.3 0.86 8.0 0.2 
5 3.8 4.18 - 3.2 
20% d25-C12E5 : 20% h-glycerol 
at 55 %RH 
(no roughness) 
1 4.0 4.39 99.9 1.6 5.45 
2 0.6 0.72 4.4 1.3 
3 1.7 4.40 100.0 0.0 
4 49.6 0.72 4.4 0.0 
5 2.9 4.18 - 1.8 
20% d25-C12E5 : 20% h-glycerol 
at 85 %RH 
(no roughness) 
1 1.3 4.39 99.9 2.1 4.87 
2 2.2 0.75 5.1 0.1 
3 2.3 4.39 99.9 0.0 
4 1.1 0.75 5.1 0.1 
5 3.0 2.52 51.2 3.5 
6 57.4 0.72 4.4 0.1 




20% h-C12E5 : 20% d5-glycerol 
at 23 %RH 
(no roughness) 
1 1.8 3.58 63.6 0.5 0.86 
2 37.6 1.23 15.8 1.7 
3 0.6 4.18 - 0.7 
20% h-C12E5 : 20% d5-glycerol 
at 33 %RH 
(no roughness) 
1 3.0 1.29 17.0 0.6 2.43 
2 1.9 4.19 76.1 0.3 
3 1.1 1.28 16.8 3.0 
4 1.3 3.89 69.9 0.5 
5 40.6 0.87 8.4 2.3 
6 3.4 4.18 - 2.0 
20% h-C12E5 : 20% d5-glycerol 
at 55 %RH 
(no roughness) 
1 2.4 2.45 40.6 0.4 0.52 
2 44.2 1.38 18.8 0.2 
3 0.1 4.18 - 1.3 
20% h-C12E5 : 20% d5-glycerol 
at 85 %RH 
(no roughness) 
1 1.1 1.53 21.9 0.2 0.47 
2 1.9 2.71 45.9 0.1 
3 2.0 0.71 5.2 1.5 
4 70.9 1.50 21.3 0.2 
Figure ‎5.29. 
20% d25-C12E4 at 23 %RH 
(no roughness) 
1 1.5 4.67 98.0 0.0 1.31 
2 49.0 1.01 10.4 2.4 
3 0.8 4.18 - 0.9 
20% d25-C12E4 at 33 %RH 
(no roughness) 
1 1.6 4.59 96.1 0.0 1.36 
2 48.7 1.03 10.9 2.0 
3 0.8 4.18 - 0.9 
20% d25-C12E4 at 55 %RH 
(no roughness) 
1 1.3 4.76 100.0 0.0 1.18 
2 46.3 0.95 9.0 1.6 
20% d25-C12E4 at 85%RH 
(no roughness) 
1 1.2 4.75 99.9 0.3 1.19 
2 59.6 0.60 0.6 0.8 
3 0.1 4.18 - 1.2 
Figure ‎5.30. 
20% d25-C12E6 at 23 %RH 
(no roughness) 
1 0.9 3.23 74.6 0.3 2.99 
2 1.1 1.08 14.2 0.1 
3 2.9 4.03 97.1 5.8 
4 44.7 1.05 13.4- 1.7 
20% d25-C12E6 at 33 %RH 
(no roughness) 
1 0.9 3.31 76.9 0.3 2.66 
2 1.1 1.28 19.8 0.5 
3 3.2 3.41 79.7 0.4 
4 47.4 1.12 15.4 2.3 






20% d25-C12E6 at 55 %RH 
(no roughness) 
1 1.1 3.16 72.7 0.5 2.71 
2 1.0 0.63 1.6 0.5 
3 2.3 4.28 99.9 0.4 
4 48.6 0.98 11.4 2.3 
5 1.7 4.18 - 0.0 
20% d25-C12E6 at 85 %RH 
(no roughness) 
1 2.8 4.07 98.5 0.3 4.92 
2 0.7 0.16 0.0 1.4 
3 2.3 4.13 99.9 0.3 
4 65.7 0.67 2.7 3.6 
Figure ‎5.32. 
20% d25-C12E4 : 20% h-glycerol 
at 23 %RH 
(no roughness) 
1 2.2 4.73 99.9 0.4 2.52 
2 0.8 0.70 3.5 0.8 
3 2.0 2.00 34.6 0.0 
4 36.4 0.92 8.8 1.4 
20% d25-C12E4 : 20% h-glycerol 
at 33 %RH 
(no roughness) 
1 2.0 4.73 99.9 1.3 1.91 
2 0.9 0.92 8.8 0.2 
3 2.0 1.54 23.6 0.3 
4 40.8 1.14 14.1 0.3 
20% d25-C12E4 : 20% h-glycerol 
at 55 %RH 
(no roughness) 
1 1.9 4.73 99.9 0.3 2.01 
2 1.4 0.45 0.0 1.8 
3 1.7 2.10 37.0 0.4 
4 51.2 1.16 14.5 4.7 
20% d25-C12E4 : 20% h-glycerol 




20% h-C12E4 : 20% d5-glycerol 
at 23 %RH 
(no roughness) 
1 2.2 3.28 57.7 0.6 0.86 
2 2.5 1.10 13.3 0.6 
3 35.7 1.36 18.6 0.1 
20% h-C12E4 : 20% d5-glycerol 
at 33 %RH 
(no roughness) 
1 2.8 2.99 51.8 0.5 0.92 
2 2.3 0.33 0.0 2.4 
3 36.2 1.38 19.0 0.5 
4 0.1 4.18 - 1.2 
20% h-C12E4 : 20% d5-glycerol 
at 55 %RH 
(no roughness) 
1 2.9 2.39 39.6 0.8 0.56 
2 1.4 0.74 6.0 0.1 
3 43.1 1.45 20.5 0.1 
20% h-C12E4 : 20% d5-glycerol 
at 85 %RH 
(no roughness) 
1 2.8 2.32 38.2 0.6 0.65 
2 2.4 0.98 10.9 0.7 
3 51.1 1.18 15.0 0.6 




20% d25-C12E6 : 20% h-glycerol 
at 23 %RH 
(no roughness) 
1 5.1 2.54 55.8 1.3 2.49 
2 31.3 0.80 7.0 1.6 
3 1.7 4.18 - 0.4 
20% d25-C12E6 : 20% h-glycerol 
at 33 %RH 
(no roughness) 
1 1.6 2.73 61.2 0.7 2.59 
2 0.8 0.97 11.7 0.9 
3 2.5 3.30 77.2 0.5 
4 31.9 0.85 8.4 1.9 
5 1.8 4.18 - 0.0 
20% d25-C12E6 : 20% h-glycerol 
at 55 %RH 
(no roughness) 
1 2.1 2.05 42.1 0.1 3.10 
2 0.8 1.14 16.5 1.3 
3 3.5 3.13 72.4 0.1 
4 38.1 0.80 7.0 2.0 
5 1.4 4.18 - 0.0 
20% d25-C12E6 : 20% h-glycerol 
at 55 %RH 
(no roughness) 
1 2.5 3.67 87.6 0.1 3.89 
2 1.5 0.70 4.1 0.0 
3 2.0 3.92 94.6 0.1 
4 48.4 0.70 4.1 2.1 
Figure ‎5.35. 
20% h-C12E6 : 20% d5-glycerol 
at 23 %RH (no roughness) 
1 1.9 3.01 51.9 3.2 0.63 
2 40.6 1.39 18.9 0.6 
20% h-C12E6 : 20% d5-glycerol 
at 33 %RH (no roughness) 
1 1.9 2.57 42.9 3.0 0.43 
2 47.9 1.45 20.1 0.7 
20% h-C12E6 : 20% d5-glycerol 
at 55 %RH (no roughness) 
1 2.0 2.71 45.7 0.6 0.56 
2 49.7 1.33 17.6 0.5 
20% h-C12E6 : 20% d5-glycerol 
at 85 %RH 
(no roughness) 
1 1.1 1.97 30.7 5.5 0.29 
2 63.8 1.41 19.3 0.3 




1 2.8 4.55 68.2 1.0 - 
2 88.8 1.02 7.7 1.2 
3 0.3 4.18 - 2.8 
10% d25-SDS 
(roughness included) 
1 4.6 5.79 89.5 0.5 - 
2 95.2 0.81 4.1 0.2 
3 0.3 4.18 - 4.2 
20% d25-SDS 
(roughness included) 
1 4.6 5.49 84.3 0.3 - 
2 11.5 0.97 6.8 0.3 
3 83.4 1.84 21.7 0.2 







at room temperature 
(roughness included) 
1 4.3 4.98 75.6 0.6 - 
2 10.6 1.24 11.4 0.5 
3 68.4 1.91 22.9 0.5 
4 0.2 4.18 - 0.7 
20% d25-SDS 
at 35 °C 
(roughness included) 
1 4.4 4.94 74.9 0.6 - 
2 9.6 1.26 11.8 0.4 
3 64.2 1.97 24.0 0.6 
4 0.2 4.18 - 0.7 
20% d25-SDS 
at 45 °C 
(roughness included) 
1 4.3 5.08 77.3 0.7 - 
2 9.5 1.23 11.3 0.5 
3 63.4 1.99 24.3 0.6 
4 0.2 4.18 - 0.7 
Figure ‎6.14. 
5% d25-SDS : 20% h-glycerol 
at room temperature 
(roughness included) 
1 4.4 4.76 72.2 0.5 - 
2 83.5 0.90 6.0 0.2 
3 0.3 4.18 - 2.9 
10% d25-SDS : 20% h-glycerol 
at room temperature 
(no roughness) 
1 2.5 5.59 86.4 1.2 - 
2 0.3 0.92 6.3 2.2 
3 4.6 5.60 86.6 0.4 
4 64.2 0.89 5.8 0.5 
5 0.3 4.18 - 1.8 
20% d25-SDS : 20% h-glycerol 
at room temperature 
(no roughness) 
1 2.8 5.75 89.1 0.3 - 
2 0.8 0.84 4.9 2.4 
3 3.3 5.84 90.7 0.9 
4 0.8 2.64 35.8 3.9 
5 2.9 5.92 92.1 0.3 
6 0.7 3.15 44.6 2.9 
7 5.9 5.91 91.9 0.3 
8 1.5 1.71 19.9 0.9 
9 60.0 0.63 1.3 1.5 
10 0.2 4.18 - 3.4 
Figure ‎6.15. 
20% h-SDS : 20% d5-glycerol 
1 Excess 
(no roughness) 
1 1.7 0.40 0.0 0.6 - 
2 0.9 4.60 69.4 0.6 
3 1.5 0.74 3.2 1.2 
4 62.6 1.59 17.8 0.0 







20% h-SDS : 20% d5-glycerol 
2 Excess 
(no roughness) 
1 1.2 0.33 0.0 0.5 - 
2 0.9 4.81 73.0 0.6 
3 2.7 0.88 5.6 0.3 
4 0.9 4.40 66.0 0.5 
5 1.7 0.70 2.5 0.4 
6 58.9 1.58 17.6 0.0 
7 0.0 4.18 - 0.7 
20% h-SDS : 20% d5-glycerol 
3 Excess 
(no roughness) 
1 1.6 0.36 0.0 0.3 - 
2 1.1 4.06 60.2 0.3 
3 3.0 0.62 1.2 0.5 
4 0.9 5.04 77.0 0.9 
5 2.7 0.65 1.7 0.3 
6 0.8 4.44 66.7 0.2 
7 2.1 0.68 2.2 0.5 
8 54.9 1.60 18.0 0.2 
9 0.0 4.18 - 0.8 
20% h-SDS : 20% d5-glycerol 
4 Excess 
(no roughness) 
1 2.2 0.36 0.0 0.2 - 
2 1.0 3.64 53.0 0.2 
3 3.2 0.69 2.4 0.2 
4 0.9 4.57 68.9 1.5 
5 2.6 0.70 2.5 0.2 
6 1.0 4.30 64.3 0.5 
7 2.7 0.41 0.0 0.3 
8 1.0 3.59 52.1 0.2 
9 2.3 0.77 3.7 0.6 
10 50.4 1.58 17.6 0.2 





1 1.6 6.41 100.0 1.4 - 
2 0.1 1.44 15.2 2.4 
3 4.7 6.07 94.6 0.3 
4 18.2 1.10 9.4 1.6 
5 32.5 1.65 18.8 2.8 




1 1.7 6.40 100.3 1.1 - 
2 0.7 0.69 2.4 1.6 
3 4.1 6.40 100.3 0.4 
4 7.2 1.10 9.4 2.2 







1 6.6 6.05 94.3 1.8 - 
2 20.5 0.78 3.9 1.0 
3 32.0 1.55 17.1 6.0 




1 1.0 3.49 50.4 0.0 - 
2 1.6 1.40 14.5 0.3 
3 9.8 5.77 89.5 0.9 
4 16.4 1.08 9.0 0.9 
5 43.1 1.38 14.2 0.0 
Figure ‎6.25 
20% d25-SDS : 20% h-glycerol 
23 %RH 
(no roughness) 
1 5.0 6.40 100.3 0.5 - 
2 0.2 1.50 16.3 0.6 
3 3.2 6.40 100.3 1.4 
4 36.5 1.0 7.7 1.5 
 
20% d25-SDS : 20% h-glycerol 
33 %RH 
(no roughness) 
1 3.2 6.40 100.3 2.1 - 
2 0.3 0.90 6.0 1.6 
3 4.6 6.03 94.0 0.8 
4 0.6 1.06 8.7 0.3 
5 2.2 5.76 89.3 2.0 
6 38.9 1.09 9.2 1.6 
 
20% d25-SDS : 20% h-glycerol 
55 %RH 
(no roughness) 
1 5.0 6.03 94.0 0.9 - 
2 0.4 1.04 8.4 0.7 
3 2.6 6.40 100.3 2.5 
4 0.4 1.04 8.4 0.3 
5 1.5 6.40 100.3 1.7 
6 43.5 1.08 9.0 1.5 
Figure ‎6.26 
20% h-SDS : 20% d5-glycerol 
23 %RH 
(no roughness) 
1 3.1 0.72 4.53 0.2 - 
2 1.0 3.51 61.36 0.7 
3 1.5 0.77 5.55 0.1 
4 39.3 1.59 22.25 0.0 
20% h-SDS : 20% d5-glycerol 
33 %RH 
(no roughness) 
1 2.9 0.53 0.66 0.0 - 
2 1.5 2.19 34.47 0.3 
3 1.4 0.47 0.0 0.2 









20% h-SDS : 20% d5-glycerol 
55 %RH 
(no roughness) 
1 1.0 1.41 18.59 0.3 - 
2 2.5 0.85 7.18 1.1 
3 2.4 2.31 36.92 0.9 
4 2.0 0.45 0.0 0.0 
5 40.0 4.18 - 1.2 
20% h-SDS : 20% d5-glycerol 
85 %RH 
(no roughness) 
1 1.1 0.88 7.79 0.0 - 
2 0.6 2.21 34.88 1.5 
3 66.6 0.73 4.74 0.0 
 
 
12.3. NR Roughness Considerations 
 
 
Figure ‎12.1. Example of NR plot with (inset) and without roughness parameter 
 
 
 
